N75-30163 4

NASA CR-132559

VOLUME 11
FINAL REPORT:
STUDY OF THE APPLICATION OF

HYDROGEN FUEL TO LONG-RANGE
SUBSONIC TRANSPORT AIRCRAFT

by G. D. Brewer & R. E. Morris
R. H. Lange & J. W. Moore

JANUARY 1975

Prepared under Contract NAS 1-12972

for
LANGLEY RESEARCH CENTER
NATIONAL AERONAUTICS AND
SPACE ADMINISTRATION

by
LOCKHEED-CALIFORNIA COMPANY
AND
LOCKHEED-GECRGIA COMPANY

5 i'l DIVISIONS OF LOCKHEED AiRCRAFT CORPORATION



1. REPORT NO. 2. GOVERNMENT ACCESSION NO.
NASA CR-132559

3. RECIPIENT'S CATALOG NO.

4. TITLE ANDSUBTITLE  Volume IT

Fuel to Long Range Subsonic Transport Aircraft

5. REPORT DATE

Final Report: Study of the Application of Hydrogen January 1975

6. PERFORMING ORG CODE

7. AUTHOR(S
Brewer, G.D. and Morris, R.E.;
lLange, R.H. and Moore, J.W.

8. PERFORMING ORG REPORT NO.
LR-26752-2

10. WORK UNIT NO.

9. PERFORMING ORGANIZATION NAME AND ADDRESS

LOCKHEED-CALIFORNIA COMPANY Lockheed-Georgla Co.

Plong%ssém_u—'omum 91520 and Marietta, Georgia
BU LA ' 30063

11. CONTRACT OR GRANT NO.
NAS 1-12972

13. TYPE OF REPORT AND PERIOD

12 SPONSORING AGENCY NAME AND ADDRESS

National Aeronautics and Space Administration
Langley Research Center

Hampton, Virginia 23665

covERED Contractor Fi-
nal Report; Feb-Oct, 1974

14. SPONSORING AGENCY CODE

15 SUPPLEMENTARY NOTES

16. ABSTRACT

the same operational constraints.

formulated.

This study was performed to investigate the feasibility, practicability,
and potential advantages/disadvantages of using liquid hydrogen as fuel in
long range, subsonic transport aircraft of advanced design. Both passenger
and cargo-type aircraft were investigated. To provide a valid basis for
comparison, conventional hydrocarbon (Jet A) fueled aircraft were designed
to perform identical missions using the same advanced technology and meeting

The liquid hydrogen and Jet A fueled aircraft were compared on the
basis of weight, size, energy utilization, cost, noise, emissions, safety,
and operational characteristics. A program of technology development was

Keywords:

Hydrogen, subsonic transport air-
craft, Jet A, cryogenic insulation,
alternate fuel, exhaust emissions,
noise, safety, energy utilization.

17. KEY WORDS [SUGGESTED BY AUTHOR(S) ) 18. DISTRIBUTION STATEMENT

{(OF THIS REPORT) L.
Unclassified Unclassified

19. SECURITY CLASSIF. 20, SECURITY CLASSIF. (OF THIS PAGE) |21. NO. OF PAGES|22. PRICE"

351

iii




FOREWORD

Thig is the final report of a Study of the Application of Hydrogen Fuel to
Long Range Subsonic Transport Aircraft performed under Contract NAS 1-12972 for
NASA-Langley Research Center, Hampton, Virginia. The report presents documentation
of the substance of work performed during the nine month period, February through
October 1974. Volume I, NASA CR 132558, is a summary presentation of the work

reported herein.

The work was idivided in two vehicle categories: (1) passenger/cargo mission
aireraft; and  {(2) all-cargo mission aircraft. Performance of the study was
accomplished by the Advanced Design and Technology organizations of the Lockheed-
California Company, Burbank (passenger/cargo missions), and the Lockheed-Georgia
Company, Marietta (cargo-missions). Prime responsibility for contract execution
rested with Lhe CaliPornia Company under the direction of G. Daniel Brewer as
shudy manager. ERobert . Morris was project engineer for passenger aircraft.
Depaty stady manager Tor cargo mission aircraft analysis was R. H. lLange in
Oeorgin.,  J. W. Moore served as project engineer for cargo alrcraft. Other

principal inveshbigabors were:

Californin Company Georgia Company
. L. Dougherty Aerodynamics J. F. Honrath
. L. Bragdon Propulsion . R. Stone

k. k. Ckarshaug
F. . Watson Decign E. P. Craven

R. ©L.. Vaughn Coot 5. G. Thompson
K. Jonnston

R. N. Jdensen Weighis W. E. Warnock
k. D. Mijares

. Himmel Stress

D. B. Sherwood Vehicle Synthesis J. F. Honrath



California Company Georgia Company

H. C. Moe Thermodynamics F. R. Stone
E. F. Versaw Fuel System

D. M. Urie Flight Controls

G. F. Bollinger Operations & Maintenance

G. T. FElisworth Safety

Kent OSmith

N. Shapiro Acoustics
J. Schulert

C. Slaughter Materials
Mr. C. T. D'Aiutolo of the Aeronautical Systems Division of NASA-Langley
Research Center, was the technical monitor for the contract.

A1l computations in this analysis were performed in U.S5. Customary units and

then converted to S.1. units.
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SUMMARY

This study examined the feasibility of using liquid hydrogen as fuel in
advanced designs of long range, subsonic transport aircraft, and assessed the
potential advantages. Both passenger and cargo-type aircraft were investigated.
Passenger alrcraft were designed to perform all combinations of the following

matrix of primary mission requirements:

PAYLOAD 36,300 kg (88,000 1b) = LOO Passengers + cargo)
RANGES 5,560 km (3000 n mi) and 10,190 km (5500 n mi)
CRUTSE SPEEDS Mach 0.80, 0.85 and 0.90

In additicn, 600 and 800 passenger capacity aircraft were designed for Mach

0.85 cruise speed and for both ranges.

Cargo aircraft designs were studies to perform the following missions:

MISSION 1 MISSION 2
PAYLOAD 56,700 kg (125,000 1b) 113,400 kg (250,000 1b)
RANGE 5560 km (3000 n mi) 10,190 kg (5500 n mi)
CRUISE SPEED Mach 0.85 Mach 0.85

To serve as a basis for comparison, reference aircraft fueled with conventional
hydrocarbon (Jet A) were designed to jdentical ground rules and for the same
missions, except that the passenger airplane requirements were limited to only

one speed, Mach 0.85.

Due to the low density, high energy content, and cryogenic temperature
of liquid hydrogen (LH2) it was anticipated that optimum designs of LH,
fueled aircraft might require unusual design configurations to gain

vii



maximum advantage from its use. This was found not to be the case. Although many
unusual configurations were explored, the designs of LH2 fueled aircraft selected

as preferred configurations for both the passenger and cargo applications are con-
ventional in appearance. Unusual design concepts which were investigated proved to

be inferior.

In every case the hydrogen fueled aircraft, which were selected using minimum
direct operating cost as the primary criterion, were found to be lighter, quieter,
able to operate from shorter runways, regquire smaller engines, minimize pollution
of the environment, and expend less energy in performing their design missions,
relative to equivalent designs fueled with Jet A. In addition, the hydrogen air-
craft are physically smaller in span, height, and wing area, but have larger

fuselages.

The purchase price estimated for the LH2 aircraft was somewhat higher than
that of the reference designs. This was due to a high value accorded the hydrogen-
peculiar items, for which there 1is insufficient data to establish a truly meaning-

ful cost basis.

Direct operating costs of the hydrogen aircraft are significantly lower than
that of their Jet A fueled counterparts if the fuels cost the same per unit of
energy. The following table shows the additional cost which can be paid for LH?
per unit of energy for the subject aircraft to have DOC's equal to their respective

Jet A-fueled reference aircraft.

11 0.85 AIRCRAFT ALLOWABLE ADDITIONAL
COST FOR LHo TO
PAYLOAD PRODUCE EQUAL DOC
TYPE WEIGHT RANGE ¢/GT (¢/1o6 BTU)
400 PAX 36,300 kg 5560 km 22.7 (21.5)
(88,000 1b) (3000 n. mi)
Loo PAX 36,300 kg 10,190 km L6.5 ( Wy )
(83,000 1b) (5500 n. mi)
CARGO 56,700 kg 5560 km 21.5 ( 20 )
(125,000 1b) (3000 n. mi)
CARGO 113,400 ke 10,190 km 52.8 ( 50 )
(250,000 1b) (5500 n. mi)
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An evaluation of operations, maintenance, and safety aspects of the hydrogen
fueled aircraft revealed no significant features that would seriously affect
airline-type turn-around schedules, compared to current practice with Jet A fuel.
Equirment to perform operations like refueling will be different, but neither the

number of personnel involved nor the elapsed time required should be adversely
affected.

The examination of larger payloads (600 and 800 passengers) indicated an in-
creasing flight efficiency for the larger aircraft. As payload increased, both

direct operating cost and block fuel fraction (expressed as a percentage of gross

weight) decreased.
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SECTION 1

INTRODUCTION

Growing concern for the problem of providing adeguate supplies of petroleum-
derived fuels to meet U.S. demand, and recognition of the inevitable price that
must be paid for our ever increasing dependence on foreign supplies, has led the
NASA to a broad study effort to review energy trends and to evaluate the posibili-
ties of alternate tuels for transport aircraft. The availability and cost of
petroleum-derived fuel for commercial transport aircraft will continue to become
less and less attractive in coming years. Ultimately, and it is simply a question
of "how soon,' rather than "if," an alternate fuel must be developed. The policy
employed during the period of the Arab oil embargo, starting in October, 1973,
which assigned commercial airlines a low priority in allocation of fuel stocks
relative to household, industrial, and utility needs, will probably not be
drastically revised. Accordingly, as shortages develop in the future, elther
vecause of international political or economic pressures, or as a result of de-
pletion of natural resources, it may be assumed commercial air transport will

suffer sever disruptions.

Serinus consideration of changing to an alternate fuel for commercial trans-
port aircraft must include assessment of the impact the choice would have not only
on the aviation segment of American industry, i.e., the airlines, aircraft and
engine manifacturers, fuel suppliers, and airport operators, but the debate must
also include consideration of the energy'and fuel needs of the entire spectrum of
the U.S. econcmy. In addition, it is becoming more clearly recognized that the
energy requirements and preferences of foreign governments must be considered and
coordinated along with those of our cwn. ;In other words, selection of a "fuel of
the future" for commercial aviation cannot be made logically without considering
the requirements and opportunities of all other significant users of energy, both

national and international.



Although the subject report is focused on consideration of just the commercial
aviation aspects of the energy/fuel problem, the following is offered to help keep

the problem in perspective.

The utilization of energy in the U.S. in 1970 is diagrammed in Figure 1, taken
from Reference 1. Total consump-ion of energy in that year was 6h.6 Q [quadrillion
(1015) Btu] _ An additional quantity of fossil fuels, equivalent to h.2 q, was
consumed 1in non-—-energy USES, primarily the manufacture of petro-chemicals, making
the total 68.8 Q. Of this total, 23.7 percent (16.3 Q) was used in transportation,
of which commercial aviation used only 7.5 percent (1.23 Q), a relatively insigni-
ficant amount. For instance, if somehow the total amount of fuel used by commer-
cial aircraft in 1970 was made available for use by all the energy consuming
sectors of the U.S. economy, it would provide energy for just 6-1/2 days at the

L9(0 rate of comsumption.

By A.D. 2000, however, it is generally forecast U.S. energy consumption
will amount to between 140 and 160 G, and that the distribution of energy among
the four basic end-uses (industry, transportation, household and commercial, and
"sther'" plus ‘ossesc) will remain substantially the same except that, according to
projections made by the study of Reference 2, the share for transportation will
inerease to about 30 percent. Also, from the same source, it is predicted that
within the transportation sector the share for commercial aviation will increase
Lo abont 32 percent by 2000. This would amount to between 13.% and 15.3 Q/year
for aircralt, a very considerable amount using elther energy projection. Tt is
equivalent ti. about 35 days supply ot energy for the entire U.S. at the rate of
consumpt ion projected for A.D. 2000, or roughly 10 percent of the nation's total
consumption that year. In more dramatic terms, the recoverable oil reserves in
the Alaskan lHorth Slope are currently estimated at 9.6 billion barrels. Since
a maximum ~f only L7 percent of a barrel of crude oil can be refined to Jet A
fuel specifications, the remainder going to other uses, the output of the entire
North Slope oil field will supply U.S. commercial aviation for only about 8 months

4t bLhe lower rate ol consumption projected for A.D. 2000.

1t is apparent that switching commercial aviation from a petroleum base
product to an alternate fuel could have a significant impact on the nation's

crude requirements within the time frame in which the change would be implemented.
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These statistics are also a cogent answer to the frequently-~heard plaint, "If the
current fuel (Jet A) is going to be in short supply why shouldn't other users
switch to an alternate, thereby prolonging the availability of Jet A for aviation?"
At only 17 percent maximum conversion capability, the world does not possess

enough petroleum to long supply the voracious appetite of commercial airliners if
air travel service is to expand as predicted. Accordingly, there are a number of

questions which need to be resolved:

e What is the preferred fuel for commercial aviation from the points of
view of cost, emissions, energy, noise, practicability, and long range

availablility?

e How can the transition to the new fuel be implemented without serious
disruption of commercial airline service or undue financial burden on

the airlines?

e How much will it cost to provide facilities to store and handle the new

fuel at airports, and how should it be capitalized?

e Since U.S. aircraft fly worldwide, the choice of a new fuel must be co-
ordinated on an international basis. How should this be accomplished in
order that other countries preferences for a new fuel might be properly

comsidered along with that of our own?

This lust question deserves emphasis because 1) up to now it huas been virtually
ignored in U.S. eonsiderations, and 2) it has strong implications on answers to
the other questions. Many natlons, e.g., Japan and Ttaly, import nearly 100 percent
of thelr petroieum requirements. HNone of the western European nations currently
produces more than a small fraction of its petroleum needs although Fngland with
its North Sea potential may become self sufficient within a few years. In con-
trust, according to Reference 1, in 1970 the United States imported only 6.8 ¢,
less than 30 percent of our total petroleum requirements. Tt 1s apparent there-
fore, that many other countries will be more strongly motivated to find a satis-
factory fuel and energy source which will relieve their dependence on imported

crude oll than will the United States.

Within each country there may be circumstances or natural resources which
of'ter unique potentiat solutions to their individual energy needs for industry,

residential and commercial, and surface transportation. They may include a wide



variety of energy sources in addition to the conventional use of petroleum,
natural gas, and coal, ranging from solar, nuclear, geothermal, hydro, and con-
version of waste products, to photosynthesis for growing fuel in one form or
ancther. For stationary power plants there are a large number of energy sources

which can be used and there is no strong requirement that one locality employ the

same solution as any other.

Commercial air transportation is a significant exception to this freedom of
choice determination because air travel is internaticnal, and also because aircraft
are neccssarily designed to use a specific fuel, within fairly narrow limits. That
is, for example, it is not practical to design an airplane to operate efficientl
on both Jet A and hydrogen fuel interchangeably. Accordingly, if international
air travel is to continue to flourish and expand as projected in the face of
det'inite prospects that some countries may be unable to obtain adequate supplies
Cf petroleum at al: times, it becomes mandatory either that all nations agree to
share their petrnleum fuel supplies {this is recognized as, first, only a temporary
solution, and second, as being impractical in event of an extended embargo), or
that they will adopt an alternate fuel that can be commonly produced without hazard

of contrel by o carte:.

Lydroren offers many potential advantagses tor this application including the
faeta thot L) it can be wanutactured rrom coal and water, or trom water directly,
uuing any of severni processes and o wide variety of possible energy sources
[Heterence 3), and therefore can be considered Lo be free o the dungers of
cartelivation; and 2) uped as oo fuel for aireratt it has been shown to provide
sirnificunt improvement in vehicle weipght, performance, and cost, and to result in
reduced pollution of the environment. Kecornition of these advantuges as a result
Lf preliminary eonceptusl design studies has led to consideration of hydrogen as
4 leadinge candidate Lo replace Jet A as the fuel for commercial transport aircraflt

it the fature.

The subject ctudy was pertormed as one of the initial efforts in NASA's
ipvestigation of alternatives for the fture. The objectives of this study were

tio:

e fssess the feasibility and potential advantages of using ligquid hydrogen

\LHQ) as fuel in long range, subsonic transport aircraft (both passenger

and cargo types).



e Identify the problems and technology requirements peculiar to such
aircraft.
e Outline a program for development of necessary technology on a timely

basis.

The organization and methodology of the study is described in Section 2.



SECTION 2

TECHNICAL APPROACH

This investipgation was intended to provide evidence to heip answer some of the
intriguing questions relative to use LH, in long-range, subsonic transport aircraft
of the future; e.g., can efficient aircraft be designed to contain the large volume
of low density fuel that will be required, can the structural and thermodynamic
problems related to use of cryogenic liquid in commercial transport aircraft be
satisfactorily resolved, can satistfactory operational and handling procedures be
develuped, how wil! the economics ol transport gircraft be affected by the switch
from hydrocarbon (Jet A) tu Ll fuel, and how will air transport satfety be

‘
affected? To provide that evidence, conceptual desiyn studies were made of both
pucsenger and cargo-type transport dircraft "....to the depth necessary to indicate
Loth the technical and economic fencibility of tiquid hydrogen-fueled transport

aircratt” (Rererence 1). To provide a basis for a valid comparison of physical,

perormance, ard economle parameters, reference nireralt using Jet A tuel were
gized to perform identical missions. Ground rules tor the study are listed in
Tubie 1.

i

Ihe sbuay was conducted In the sequence indicuted sohematically In the

foor lowinge diagoram.

START l
4FEB 74 T
1
L]
e
AIRCRAFT PARAMETRIC ANALYSIS
CONFIGURATION _-T—-ﬂ DESIGN [ AND
CONCEPTS STUDIES DESIGN
: ] | S
| ]
| 1 !
1 H NASA
SELECT REVIEW
2EACH MID AND
(PASS. AND CARGO) TERM APPROVAL
FOR ANALYSIS ORAL 0
0 10 SEPT 74
IULY 74 ”
BENEFITS
/ EVALUATION
FINAL ALD
REPOATING PLANS
¥
FINAL ONAL
BRIEFING
PASSENGER
22NOV 1974 Y
EVALUATION




TABLE 1. BASIC GUIDELINES

Fuel: Liguid Hydrogen (assumed available at airport for this study)
Initial Operational Capability: 1990-95
Advanced Aircraft Technologles:

e Oupercritical aerodynamics

e Composite materials

e Active controls

e Terminal area features

Advanced Engines: Contractor—-derived performance for both LHo and
Jet A fueled turbofans

Noise Goal: 5.18 km© (2 sq. mi.) area for 90 EPNdB contour (sum of
takeoff + approach)

Fmission Limit Goals:

e Cromnd Idie co 14 gm/kg. fuel burned
HC 2 gm/keg. fuel burned

e TakeofT Power NOy 13 gm/keg. fuel burned
Smoke SAE 1179 Number 25

Landing and Takeoff: 2h10m (8000 ft.) runway, 32.2°C (90°F) day,
304.8 m (1000 ft.) alt.

Direct Operating Cost:
. 1967AATA equations (international basis)
e 1973 dollars
e 350 aircraft production base

e Baseline fuel costs

$3/1.05h 6J ($3/100 Btu = 15.48¢/1b.)

t

LHs

"
i

Jet A $0/1.054 GJ ($2/100 Btu = 2i.8¢/gal. = 3.68¢/1b.




All passenger aircraft were designed and evaluated at Lockheed-California
Company and all cargo alrcraft at Lockheed-Georgia Company. A large number of
candidate aircraft configurations of both types were conceived and subjected to a
critical qualitative evaluation. The two configurations given the highest ratings

were selected for more detailed study and analysis.

Design studies were conducted to determine appropriate characteristics for the
hydrogen-related systems required on hoard the airceraft. These studies included
consideration of materials, structural, and thermodynamic requirements of the
cryopenic fuel tanks, their structural support systems, thermal protection systems,
and for the fuel system. Operations and maintenance procedures and requirements

were considered in the desipgn of these components and systems.

Fngine decks were cenerated to parametrically represent the performance, size,
and weipht of advanced desipn, quiet turbolan engines using technology forecase to
be available atter 1985, consistent with initial aircraft operational capability
in 1990-95. Decks were generated for engines designed for both fuels, liquid
hydrogen (LHQ) and Jet A, the latter being the hydrocarbon fuel currently used in
commercial transport alrcraft.

Gimilurly, serodynsuic, weisht and cost data were generated in parametric form
to represent use ouf advanced technolgies such as supercritical aerodynamics, ad-
vanced strutural concepts and materials, active controls and advanced secondury

[

syshems.

With buseline component characteristics established and expressed in parametric
f'orm, parametric vehicle studies were then carried out using ASSET (Advanced System
dynthesis and Evaiuabion Technique) at lockheed-California Company and GASP (Gen-
eralized Ydircralt Sizing Prugram) at Lockheed-Georgia Company. These computer
prosrams were nsed to determine performance capability, welipht, cost, and signifi-
rant desiyn tradeo{fs for both LH -tueied and Jet A-fueled aircraft representing

2

the tull range of variables specifiled for evaluation. The results were analyzed tuo
determine the most sabistactory design of each candidate aircraft contiguration for
cach desiyn range and payload. The LH2 fueled aircraft designs thus selected were
then compared with each other for the purpose of choesing a preferred configuration
which, tollowing NASA review and approval, was then critically compared with the
reference (dJdet A) aircraft in "Benefits Evaluation." The design data and sensi-
Livity tradenffs derived parametrically provided the basis for comparing the per-
formance and economic potential of LH2 fueled long range transport aircraft with

conventionally fueled aircraft of equivalent mission capabltity.

9



The characteristics of LH2 fueled aircraft sized to carry larger passenger pay-
1nads were also determined. Aircraft designs capable of carrying 600 to 800
passengers were established based on the selected configuration to determine the

influence of size on aircraft operating characteristics and economics.

inally, a research and technology development program was formulated based

e critical technology requirements identified during the study.

Tn following sections, the work performed during the study is discussed and
the results and conclusions are presented. In Section 3, the technologies which
provided the pasis for the parametric study are described. Section 4 presents
data relative to passenger aircraft and Section 5 is devoted to cargo aircraft.

The regearch and technology development program 1s discussed in Section 6.

10



SECTION 3

TECHNOLOGY DESCRIPTION

In this scction the technologics are defined which formed the basias for the

aircraft prurametric studies deseribed in Bections I oand 5.

3.1 dYDROGEN SYSTEMS

One of the purposes of this study was to explore the problems and possibilities

relabed Lo bhe use of liguid hydrogen (Lil,) as the fuel for commercial transport air-

cratt. In an exploratory investisation ;‘,z;(rh as this, it was necessary to cxamine
thie requi renents off hydrogen-related structure and egquipment in order to estublish
critoria for estimating hardwoare welghts and costs, and to determine acceptable
operationsl procedurcs which coald be used as a bies i for estimating costs.  Some

ot Lhe quontions which are addressed in this brief discussion are:

Wons, by Lhe condition of hydrogen as it would be used on-board the aireraft?

e fiw wiil Lhe routine Tield operations of an airline be atffected as o result

cft st DHL D as bhey fuot?

i

@ Wit ir: tue principinl conponents of the tuel system and what are their

Cutetions?
e How will the fuel be carricd in the alreraft?

Some of these questions will be treated in nore detail in subsequent sectlons.

Fer comvenience, o tabulubion of some of the general physical properties of
hydeogen 1o prosenbod in Appondiz A, along with o brief description of chemleal

{

propertios. Reterences 5 is sugirested as a convenicnt source for more specifiic data

cr the bhermophysical properties of parahydrogen over a wide range of temperatures

and presoures.

he aireraft designs of this study were predicated on the basis that hydrogen
topred on board in biquid form at a neominal absolute pressure of 145 kPa (21 psia),

15 8

11



o as 0., . .
which corresponds to an equilibrium temperature of —°51.6OC (=421.3°F). To maintain
the hydrogen at this cryogenic condition for extended periods without unacceptable
1oss due to boiloff, the tanks are carefully insulated. Fuel lines and valves which

carry the L to the engines are also heavily insulated.
(a8

A conceptual diagram of the elements of an aircraft LI, fuel system is shown
[
in Pigure 2 {for a detailed description, see Paragraph 3.1.1). HNominnl pressures
and temperatures are shown on the diagram for each of the significant conditions
which exist as the cryogenic fluid moves through the system from tank to engine
combustlon chamber, Tank-mounted, submerged pumps boost the pressure from the tLank
Lovel to obl kPa (39 psia) for delivery throuyrh the feed system as 2 sub-cooled
Jiguid to high pressure punps mounted in each engine nacelle.  There the pressure
is raised to approximotely 5160 kPa (750 psi) where, as a gas, 1t passes through a
bt cxchanger and pieks up heat from a secondary coolant, ¢.8., a mixture of
sodinum and potass o (Mak ), which has been used to cool the engine high-pressure
furbine obages. AL this same point, another hcat exchanger, also using an inter-

vd e coolant, can be employed o ool the alr bled from the compressor to

PUMP

TANK _
\ 241 kPa (35 psia)

145 kPa (21 psia) O
-251.6°C (-421.3°F)

PUMP

INTERMED I ATE Hx O
COOLANT ~— 1 HX 5160 kPa

COOL AIR ™~ (750 psi )
FOR PASSENGER ‘m

AND CREW < NaK
COMPARTMENTS

fd

TURBINE
+ COMPRESSOR
3580 kPa BLEED AIR
(520 psi)

TURBOFAN
ENGINE

Figure 2. Hydrogen Fuel System Elements
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pressurize the passonger and crew compartments, thus eliminating the need for

conventional mechanical refrigeration equipment for an environmental control system
(103).  Accounting for the pressure drop through the heat exchangers, engine control
valves, and fucl injection system, the fuel reacts in the engine combustion chamber

at the nominal design pressure of 3580 kPa (520 psi).

As mentioned, the fuel tanks are carefully insulated to minimize loss of hydro-
gen by bolloff and to prevent frost bui ldup on the external surfaces. During ser-
vice, some liguid hydrogen will be kept in the tanks al all times to maintain the
system at cryogenic temperature, thus avoiding subjecting the tank stiructure and
support system to extreme and repetitious temperature cycling, and eliminating the
reguirement for expensive and time-consuming chill-down and/or purge operations.
Gaseous hydrogen, vented from the aireraft tanks to maintain design pressure during
oub=of=gervice periods, would generally be recovered and religueficd, or could be

used to fuel ground servicee power units,

For cxtended out—of-gervice periods, e.g., when some type of major mailntenance
not related Lo the Lank or insulabion system is required on the airplane, the tanks
would be defueled and paresed with nitrogen but maintained at o pressuarc slightly
gronter Lhan ambient.  his miztit be expected to oceur not more than two or three
times por your,

For inspection or repalr ol Lhe tanks themse lves, or thelr insulation system,
b i brogen purge bhe tanks would be ventoed to Lhe atmosphere and could then be
st ly entered vy mainbensnes personnel.  During bhe ooty serviee Life of the air-
crn Sty 1L lo o expectod that tne repilatineg apencios will domand froguent Lank and
incnlation inopections Lo agoure conbinued Clightworthiness and to galn Gorvies
bnew Pedge. i roatine commerc il alrline service, af'tter eryogenic tank design 5
well eotabiiched, thio kind of inspectlon would be eons idered to be 1n the same
cotegory an bhat reguired for aireratt primary structure, i.e., normally porformed

000 Lo 10

b intervidln ot B, O hours of operation, or roushly every two, or Lwo

b

and one=te L5 years.,

Operat ional procedurocs For LH,, fueled Gircraft are concelived as belng not
radienlly different from currend proctices.  The equipment would pe different of
course, but bie manpower and the e lapsed time per function should be virtually the
game.  Boemise of oxisting safety regulations involving guantity/distance relation-
siips, plus recognized phychologlent barricrs, 1L is probable that, at leust ini-

tially, hydrogen-fucled ai reratt will be reguired Lo refuel at o distance of about

13



600 m (1800 ft) from passenger terminals. One concept of a feasible arrangement
for an LHP fueling terminal at an airport is described in Section h.7.1l. Airceraft
worild be towed to the fueling area and a probe and droque-type connection estub-
lished between a service tower and the fueling point located in the tail of the

airplanc.

nring a routine fueling process, estimated to require about 30 minutes for a
normal turn-around, cabin attendants can perform housekeeping chores, curgo can be
Loaded, and food service stowed. Upon completion of these services the alirplane
would be towed to the passenger terminal, the people poarded, and the flight would
then be ready for takeoff. In the event of an unscheduled ground hold of significant
Auration, a truck-mounted mobile unit could be employed to "top off" the fuel supply
if required, With properly designed equipment. and scheduling of operations there
oo obvious reason o hydrogen-fueled alrplane should require nore time for turn-

aronnd bhan conventional Jet A-fueled aireraft,

3.t LH, Fuel Bys tem Description

[

For the aircraft involved in this study, the LH, fuel systen, iliustrated in
:
Pigure 3, consists schemabically of two proessurized and insulated tanks {each
dlvided into wwo um!npu,r'f,mrmt,:z), inculatbed feed lines to each of four turbofan engines
and ore ki liary power unit, hent oxchanpgers Lo transfer alrframe and engine heat
Lol Lo the cryopenic fuel, fuel guantity gangling cquipment, refueling, and detuel-

>

D cyatems, and possibly o ffuel Jettivon system,

Cank Vent and Pressurization — The fuet tanks are maintained ab o pressure of

LG kb (@1 p:;I:L) Ly nnobsolnbe pressure regulator located between the common vend
Lite tore all -l tanks and o lightning-protected vent with tlame arrestor which
permits overborrd dincharge of gnseous boitof T at the top of the vertical tall with-
ot Lhe hoazard of Dlame propagation back Lo the fael tanks. This pressure wis
Golocbod s oo compromise betwoen oonumber off considerations including the need to
climinate Lhe posoibllity of air cntering Lhe system, unnecessarily penallzing tank
weleht,, and minimizing Clashing losses. [f the tank pressure drops below 104 kPa
(18 poia) becnuse of cxeeptionally high engine fuel demand, a scecondary absolute
pressure regulator located in the No. b engine feed line opens, allowing a small

amount, oft fuel ot pump dlscharge pressure Lo be vaporized by heat from the airframe

Hent londs betfore it is rconveyed to the tanks through the normial vent system.

1k
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In the event tank pressure exceeds 152 kPa (22 psi) above free stream ambient,
a pressure relief valve opens to bleed off the excess pressure through the vent line
flame arrestor. A tank rupture disc is also provided in the case of a dual failure
of both the tank pressure regulator and the pressure relief valve. 1If, for any rea-
son, the tank pressure falls below amblent outside pressure, suction relief is pro-
vided at 1h kPa (2 psi) below ambient to prevent collapse of the tanks. This condi-
tion could only exist if all of the fuel had been exhausted during a descent and if

the normal vent closure did not occur, or as a result of an extended ground standby

with empty fuel tanks, again if the vent valve was not actuated properly.

A boilotf recovery adaptor and valve are provided adjacent to the fueling
adaptor to permlt the operator to return gaseous hoiloff to ground storage facilities
for reliquefaction or use of the GH, in ground-based power units. This minimizes

(48

ceonomic loss resulting from hydrogen boilloff during periods when the aireraft i

out of sorviceo,

Vent openings are located In the forward and aft ends of each tank. Float-
operated vent valves in the opening nearest the vent box prevent fuel from flowing
by gravity into the vent box. Ligquid fuel which collects in the vent box is drained.

irnto bhe adjacent fuel Lank through a flunt-operated drain valve.

Froputsion Mogine Feed System - Each fuel tank is normally connected to 1ts

Tientically mubered engine.  However, a systoem of cross—reed valves permits any
one boank to supply Cuel to any ongine 1f required or, by properly sequencing the
operntions of the cross-feed dand refueling valves, permits transfer of fuel [rom
oree bang Lo oanobher.

Two bLoost pumps are Jocated inonoourge box in each tank to ensure fuclt avall-
apility and Lo prevent fuel starvation during airceraf’t mancuvering at low tuel
Lovols.  The boost pumps are designed to pump boiling hydrogen and to supply it to
the main engine pumps in a subeoolnd state by means of vacuum=-jacketed feed linecs.
ALL airframe and engine heat loads, with the exceptlion of the tank pressurization

heat louds, are added downstream of the high-pressurc engine pumps.

APU Peed Oystem - The auxiliary power unit is operated on gaseous hydrogen,

thereby mirimizing bolloff losses during the considerable periods of APU operation
while on the ground. APU Teed is available from the common tank vent Lline. It
insnfficiont boiloff is released from the tanks, due to the presence of super-

cocled hydrogen Juch subsequent to refueling, operation of the No. i tank-mounted

17



boost pump will maintain gas flow through the secondary coclant heat exchanger at

124 kPn (18 psia) to the APU.

ReTueling and Defueling System - All tanks are refueled through a pair of

pressure=rueling adaptors 1ocated at the bottom of the aft fuselage just aft of

the tail bumper. Part of the refueling manifold is common with the Ho. 1 and No.
engine feed lLlines (see Figure 3). Inside each tank, a portion of the fueling mani-—
fold is perforated along its entire length to distribute the liquid hydrogen uni-
formly over the tank walls, thus minimizing the tank wall thermal stresses. A dual
fuel-level control pilot valve in each tank stops the flow of fuel to that tank when
it has reached its full level at approximately 96% of totul volume. Integral with
the float valve is a solenoild valve which permits manual or preset shut-off of the
valve at any tank level and also prevents overfilling in the event ot a floal valve

ol lure.,

Bolloff vecurring during the refueling process is returned to a ground hydrogen

rocovery sysben by means of a line connected to the boiloff recovery adaptor which

(o Joenbed immediately adincent to the ground fueling adaptors. Thus, during the

[}

fucling operation, no hydrogen vapors are discharged overboard.

brior to refuelings tanks that have contained air, the fueling system must be
purred Lhrowsh the fuel ing adaptor by an inert medium (eon., gaseous nl Lroren) Lo
rormove ]l oxymer, ol lowed by maseous hydrogen to remove all inerting gas.  The
pheee sysbom wilt ut il ive the purge pos diccharge valve Lo dicceharge Loe puarge
e arownd Lhe presswre potief valve and overboard throupeh the Tigntning protoectod

Vel e

(efueling may be accomnplished through the defucling valve to the fueling adapt-
orn by operating the boost pumps with open cross—Teed vilves.  The tanks may be
Qe fae led individually or simulbancously.

p

fuel Joettison System — [6 lg not expected that a jettison system will be re-

quired; however, the requirenent can be met by the system illustrated in Figure 3.
It operates in oo manner similar Lo the defueling system exceopt that the hydrogen 1s
ronbed through Jettison valves and flame arrestors installed in dump masts located
at the wing trailing edge outboard of the No. 1 and No. 4 engine nacelles. A
speceific decision regarding the need for a jettison system should awalt a more con-
plete definition of the ground rules followed by a detall design study of the

alternatives involved.

18



Fuel Quantity Indicating System - Capacitance gauges can be used to measure

fuel volumes. The units would be calibrated to indicate fuel quantity in pounds at
the fuel management panel and can be used in conjunction with the refuel pilot
valve solenoids to load fuel to any predetermined level, or to shut down the refuel-

ing operation when the tanks are full as a back-up to the float pilot valve.

Fuel Oystem Design Considerations — As a design objective, fuel system compo-

nents such as pumps and valves will be designed for quick removal and field replace-
ment in o manner commensurate with present commercial operation. BSystem failure
provisions should also provide for back-up of critical dispatceh items as in current

practice,

The broad aspects of {light safety require consideration and development of
fuel system components and arrangement in bterms of mal function and leak detection,
isolation, inerting and/or purging and fire containment. Safety criteria and
accentable design practices must be established based on current practice and

philosophy, bubt with due consideration of the unique properties of hydrogen.

3.1.2  LH, Tank Structural Concepts

Design of banks Lo conbaln liquid hydrogen efficiently in the subject aircraft
ig rocognized as one ot the crucial technical challenges.  The task involves con-

gideration cf the following:
e Materials
e fructural coneopt
e I[noulation arrangement
e Inspection and muintonance eapabl ity
e lurge requirements and capability

Materinle used for tank construction must be resistant to hydrogen embrittle-
ment , impermeable {or capable of being son led) to gaseous hydrogen, and, depending
on the insulation arranrement, retain satistactory ductility and fracture resistance
at cryogenic temperaturcs.  In addition they must be amenable to repair and main-

tenance.  Otructural concept selection must in turn consider problems of
e ditfercnbial thermal expansion,
e hrub lesks to tank structure as o result of attachments, and

e materials compalibllity
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in addition to the fundamental problem of design for light weight while maintaining

adequate structural integrity.

The influence of differential thermal expansion on aircraft structure is depen-
dent on the insulation system employed for the fuel tanks. If cryogenic insulation
ig applied to the inside of the tanks, the tank walls remain at near-amblent temper-
ature so differential thermal expansion, relative to the warm aircraft skin and
primury structure, is minimized. Similarly, the problems of attachment and support
for bLhe tanks are simplified. On the other hand, if conditions require the cryogenic
insulation to be applied to the exterior of the fuel tanks, the tank itself will
significantly contract and expand as LH, at -252.8C (=423°F) is introduced and used.
Attachment problems are therefore severe, not only because of the dimensional changes

which must b accounted for, bul also because of the thermal "short'" which may

resinlt.

The necessity of being able to inspect the tanks and to satisfactorily maintain
Lo bo o ailvline standards s oan aspect whi‘ch cannol, be overlooked., Finally, in
trnoge des brng wnere the fuel tunks are within the airceraft framework and where it
Lo bherefore possible for leaking gaseous hydrogen to collect in a confined space,

provision mast be meule Cor o purge system using elther an inert gas or copious

quantities ot alr.

Two soste types of tank desipgns were considercd in the light of thesc require-
ente foe the subjecet applieations:  Integra L, where the tank serves both as the
container of the tuel oand aiso carrics the fuselage structural londsg and non-—
integral, in which case bhe tank mero iy containg the fuel and o separate structure

i oprovided toores iot fucolage axiai, bending, and shear | onds. 1t might immediately

oo cone Dded Lhid, 3 Bhere was a roasonable chanee of designing a sLlructure Lo per-
form two separate functions, where the structural reguirements of the two did not
pooutt in direetly additive stresses, the choice between intepral and nonintegral
would e simple.

This o indecd the case, and in a previous study, the study of hydrogen—fueled
cupcrsonte Lransport aireraft documented in reference 6, it was found that the
integral tank concept offered attractive advantages, both in weight and in volu-
metric officiency. However, there are significant differences in the design condi-
tions between a supersonic transport aircraft and a subsonic vehicle. For example,

in the present study of long-range subsonie transport aircraft, the flight duration
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is so long relative to that of the supersonic transport in the reference study, a
comparison of 11.5 hours for a 10,200 km (5500 n.mi) mission vs. less than 3.5 hours
for a 7,780 km (L4200 n.mi) mission, it was felt the effect of heat leak through tank
support structure, significantly greater for the integral concept, might over-
balance some of the other considerations. Subseguent investigation found however,
that although the heat loss attributable to the tank supports of the integral con-
cept was larger than that through the pin joints of the nonintegral design, it was
still o small froction of the total and not of major significance. Another factor
of major difference, the thermal environment at cruise condition, will be discussed

later,

The integral tank concept is plctured in Figure L, The sketch shows the basic
tank is aluminum alloy skin (2219) with longitudinal stringers on the inside and
with cireulnr frames at 0.508 m (20 in) spacing. A bulkhead to dampen fuel slosh
{s locnted every 5.08 m (200 in) along the length of Lhe tank. The tank is encased
in a rigid, closed-cell plastic foam for cryogenic insulation which in turn is en-
cloued in o secondary vapor shiceld to prevent cryopumning In the event the foam
insulation develops a crac<. The btank is structurally connected to the airceraft
fase ligro by o truss=1ike interconnect structure consisting of a series of boron-
reinforend Piberglass tubes of special design which were developed by Lockheesd
Missiles and Opace Company in a separate study (Reference (). 'This design of truss
member was selected because it appears to offer maximum stiffness for minimun weight

and minimun heat Lrancfer.

A Ciberglass sheath covers Lhe entire tank, Insulation, and support stricture
assembly to provide mechanienl protection for the foam insulation and its vapor
anield.  In bthe event oithoer the foam insulation or the aluminum tank requires roe-—
pair, the fiberglass sheath would simply be cut away locally and then patcehed upon
completion of the work. Inspection of the tank structure can be accomplished from

inside bhe tank. A crawlhole can be provided in either end.

The nonintegral tank concept is Lllustrated in Figure 5. The difference In
the two designs s apparent, particularly in the method of support. In the non-
integral concept the tank is simply a bladder which contains the fuel, resists
internal pressure, and supports the weight of the fuel between four pin Jolnts, two
on elther side. The pin joints are designed in the came manner as engine mounts

to permit thermnl expansion and contraction between the load points, yet offer firm
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mechanical support. The diagram in the lower right hand corner of the figure

i llustrates the degrees of freedom at each of the support points.

e bladder tank does not have longitudinal stringers; it depends on the rigid
foum insulation, bonded to the welded aluminum tank, for resistnace to shear and
compression buckling. A few circular frames are provided to maintain the tank shape

and for baffles as required. Frames are also located at the pin support points.

Conventional Tuselage skin/stringer/frame construction encloses the tank and
provides its support. In order that inspection and maintenance can be performed
on the tank and the insulation, it is necessary to provide a break point in the
fuselage so it can be separated. The tank is then removed by sliding it out on a

special rail built into the fuselage.

Compnring the two tank design concepts, the advantages of the integral are
obvious. ‘Tne tank structure and insulation are both easily inspected and main-
tainced. 1t is not necessary to take the alrplane apart to accomplish either. The
volumetric officiency advantage of the integral design is apparent when it is con-
sidererd Lhot an annular volume cqual to the width of the fuselage {rames in the
notintestral case, plus approximately an inch for clearance on the radius, multi-
plicd by the length off the tank less its ends, is lost to the nonintegral concept.
Hamerical ly, comparisons of volumetric efficiency and that of tankage-weight fraction

are Tl lustrated by the following data from the report of Reference ¥

Tank Corcept

Nonintegral Integral
Vo lame Ll e of ticioney 0. 855 0.9°7
Tankasme—woight, fraction 0,008 0.3h0

Volumetrie efficiency is defined as the ratio of usable tank volume—to-volume
ocelpiod in the aselage. Hankage-weight fraction is the ratio of the welpght of the
bank, insulation, and support structure to the weight of the hydrogen contained in
the tank. 1L i recognized, of ecourse, that the weight fractions for both tank con-
copts would be lower in a subsonic airplane application because of elimination of
the requirement for the high temperature heat shield. Accordingly, the weight ad-
vantaee for the integral tank design in subsonic transport alrcraft would be a

smaller perecentage.
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On the basis of this experience and these conclusions it was decided that the
integral tank concept would be used wherever possible in the design studies of sub-
sonie LH2 transport aircraft. However, as reported in Section 5, It was found that
fthers were overriding considerations in the case of the cargo aircraft which led to

use of special designs of nonintegral tanks.

3.1.3 ©LH, Tank Insulation System

The fundamental reguirements for the insulation applied to the LH, aircraft
tanks are 1) to control hydrogen boileff to acceptable levels, and 2) to eliminato
or minimize frost buildup on the external surfaces. Criteria for selection of a
candidate system for use in the present study were

o Wright

e Cout

e Maintainabllity

e Doveolopment status

As proviously mentioned, an ideal eryogenic insulation could be applied elther

]

or Lhe ouboide of the tank. There are advantagmes and digadvantoges Lo

Loth. Tn the case of internal insulation the advantage 1s in having a tank structurc

which iu roelatively conventionat,  The problem is that the insualtion system, bolng

congbant ly coxposed to the hydrogen, mist be impermesnble so GH, cannot ditfuse to thie
:

tank will, thereby raising the thermal conductivity cootficient, of the Insulation

Lo Lhat of nydrogen and crippling its effectiveness. The external insulation

aonronch prosents bhe opposite set of problems, the Insuistion Is exposcd to Lo

Loss rigoreus requirement off prevenbing cryopumping which would occur IF air

diffused thromtn the Insulation and conticted the cold tank wall. However, attacn-

ment Lo oand support of the tank structure becomes a problen, as does routine

ot ion of the bank.

Uryorenic insulation systems that have been developed for use in ground trans-
portation and ground storage applications use Linde Supcerinsulation, which is u
doub b wall, evacuated annulus containing multiple layers of highly reflective
material.  Untortunately, it is too heavy for aircraft application and the probu-

atisfactory vacuum in the very large surface area of the

u

Lility of maintainirg a4
anniinr Jacket around a fuel tank for long periods with a lighter welight version

of the existing design concept is nob high, Moreover, Superinsulation also

~
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represents a degree of thermal protection which is probably not necessary for air-

craft use.

On the basis of work to date, the rigid foam insulants listed in Table 8,
Section 3.5, seem to offer the most attractive potential for aircraft applications.
The polyvinylchloride, reinforced polyurethane, and polymethacrylimide closed-cell
foams are all promising candidates. These are none, however, which are impervious
to GH2 so consideration of the internal insulation system must await development of
a suitable material. Accordingly, attention in this study was focused on the
external insulation system., The characteristics of Rohacell 415, the polymethacry-

limide foam with fire retardant additives, were used to represent this general

category of insulant in the parametric design study.

A design study was carried out to determine the thickness of insulation which
should be applied to the outside of the hydrogen tanks of the subject aircraft to
provide best thermal protection for least weight and cost. Preliminary sizing
anslysis provided characteristic data for a 10,190 km (5500 n.mi) range, M 0.85,

LOO passenger airplane to use as a basis for the insulation thickness study.

The starting point was to derive the conventional tradeoff between insulation
thickness and weight for both the insulation material and the boiloff hydrogen during
flight. The result is shown in Figure 6. Minimum combined weight of insulation

plus boiloff oceurs at approximately 100 mm (4 in) of insulation.

Pigure | translates insulation thickness into terms of airplane gross weight,
block fuel required, and alrplane production price. The data shown were calculated
s an iteration of a preliminary sizing point vehicle, adjusting empty weights in
secordance with the various insulation thicknesses, and accounting for the boiloff
of hydrogen in flight. A very slight shift of the optimum point in the curves can
be noted, showing a preferred thickness of insulation to be just in excess of 100 mm

(L in.).

'he next step was to determine the limitations on insulation thickness which
might be imposed by ground-hold conditions; specifically, the possibility of frost
buildup on the external surface of the insulation, the the GH2 boiloff rate while
the aircraft is on the ground. These results of the analysis of the temperature of
the external surface of the insulation are shown in Figure 8. The curve indicates
there is no problem with frost buildup, the minimum temperature of the external

surface of the insulation is about 23.4 C (45 F) with 100 mm (L4 inches) of insulation.
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Figure 9 shows the boiloff rate for various thicknesses of insulation as a function
of guantity of fuel in the tank. Although the slopes are not great, the results
indicate a small payoff for storing the aircraft during out-of-service periods with

only small quantities of LH? in the tanks.

The final step in this analysis is shown in Figure 10, a plot which considers
the economic aspects of the question., Airplane cost, amortized over 15 years and
uned an average of 2285 hours per year over that period, is plotted along with cost
of block fuel and cost of nydrogen boiled off both during flight and on the ground,
in terms of cost per {light hour as a funcbion of insulation thickness. ‘The mini-
mun point in the top line, the cumulative effect of all factors, occurs at an
inculation thickness of about 165 mm (6.5 in.). These results were obtained on the
basis of no recovery of boiled-off hydrogen on the ground, e.g., as if vent gases
were simply allowed to escape. In comparision, the minimum point in the second
surve from the top, which includes in-flight boiloff but in effect assumes 100 per-
cont recovery of ground boiloff, occurs at about 140 mm (5.5 in.) of insulation
thirkness. [L also shows that recovery of ground boiloff hydrogen can make a dif-
forence of sbout $6G3/01ight hour based on a cost of LE, of $3 per 1.05h GJ (106 Btu),
‘

the braseline cost selected for use in this study.

Baoed on these results a nominal thickness of 152 mm (6 in.) of foam insulation

wits selocted Lo serve as oa basis for performance and cost evaluations ot the air-

.0 PROPULSTON

Engine cyeles considered in this study were efticient, high bypass ratio turbo-

fun engiones of an advanced des ign which could be available for initinl use in 1990.

brven Lhough DL, and Jet A fueled subsonic transports require the same basic type
of Lirbine engines, the engine designs are different.. The temperaturce of the air
conveniontly available to cool the turbines of the Jet A fueled engines is essen-—
tinlly the temperature of the compressor discharge. Maximum metal temperature
rostrictions and the limited heat sink potential of the compressor discharge air

fhus restricls both the maximum compression ratio and the maximum turbine tempera-

ture available for Jet A fueled engine deslign.
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The cryogenic hydrogen of the LH2 fueled aircraft provides a large heat sink
whicn can be used for precooling the alr or cther medium used for turbine cooling.
Therefore, unconstrained by other limits, the LH2 fueled engine's compression ratio
and turbine inlet temperature can be independently selected for the optimum overall
propulsion performance. Practical limits of overall compression ratios and turbine
inlet temperatures appear to be 40:1 and £093°%C (3800°F), respectively (see Fig-

ure 11) for engines which might be developed in the 1980's. However, selection

of the best cycle parameters for subsonic transport aircraft depends upon a parani-

olric evaluation related to mission reguirements.

Althougsh some advanced design Jet A fueled subsonic transport engine data werce
availlable from the Advanced Technology Transport (ATT) study, e.g., the PEWA O Th33,
Cheoe data were developed Tfor a near Mach 1.0 transport and thus were biased for
the nigher speed aircraft design. Further, no comparable LH? fueled engine data
were available. Therefore, in the interest of direct comparability and cycle
optimization, Lockheed conducted its own cycle optimization study and generated the
propulsion data for both the Jet A and LHP fucled engines used in the study using
propulsion installatlon subroutines and the SYNTHA engine cycle program. In con-
Junetion with the OYWLTHA Corporation, Lockheed had previously established SYNTHA
subroatines to properly represent bhe thermodynamic properties of combustion of
Cither et A or hydrogen with alr.  Component officiencies and technology forecastis
for 19RG olate-of=the—art are shown in Table ?. The forecasts are based on data ERSIs!
frends diccenssed below.  Also shown are one engine supplier's projection made avali-

able for an carlier stbudy.

Wiile Lhe cventual component performance levels achi oved depend on the sustained
Lavels of ccononic support for develepment, the Lockheed assumptions are belleved
poaonable.  Omall changes from these assuned levels will not materially affect the

comparisons made between the performance of Jet A and LH, fueled aircraft.

o}

e

Phrec busic methods were considered for cooling the turbines of the LH;) fueled
e ine: {1) aircooling with compressor discharge airg {(») aircooling with compressor
discharge alr using a H,r)—to—uir‘ heat exchanger to chill the turbine cooling air; and
(3) 1liquid metal cooling used in a closed loop with a Hg—to—liquid metal heat ex-—
changer.  In Lhe interest of simplification Lockheed assumed a liquid metal turbine
cooling soheme for all I,H,’) fucled engine flight performance. The lower high-pressure
turbine efficiency used for the Jet A engine In Table 2 reflects the usc of com-

oressor discharge cooling air for that engine.
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TABLE 2. PROPULSION TECHNOLOGY FORECAST
FOR 1985 STATE-OF-ART

ENGINE SUPPLIER
FORECAST FOR
1980-1985
LOCKHEED FORECAST FROM PREVIOUS
FOR PRESENT STUDY STUDY
LHo Jet A
Fan Folytropic
Keficiency (max) 91% 91% 35 - 91%
Compressor Polytropic
Bfficiency (max) 92% 92% 92.5%
Turbine Adiabatic HP 91% HP 90% 90 - 92%
Efticiency LP 91% LP 91%
Combustion Erficiency L00% 100% 100%
Combustion Pressure Loss h.5% 4.5% %

The Densg=Moyer paper (Reference 8) discusses current gas turbine design trends
and speculates on the next peneration of alreraft powerplants. The paper proedicts
fus turbline thrust/weight (/W) values around 8 for the 1980=85 time period. Basced
on these and obher data from studies such as Advanced Technology Transport (A1) and
Lhe Guiot Clean STOL brperimental Fngine (QUSER) program, 4 thrust-to-welght ratio
GU approsimaboly o wans Solected g s reasonable value ror quieted, high bypass ratic

cngines which might be dewveioped in the late 1980's.

J.0 L Cyeie Goleetlon

A parametric study was made Lo golect the best fan pressure rat io, overall
nressure rabio, and burbine inlet temperature for the subject subsonie transport
Aireraft.  The following figures present the results of this study. Figure 12
shows the paramctric effects of fan pressure ratio at o constant turbine inlet
temperature and a constant overall presgure ratio without cowl drag. These data
chow how overall efficlency increases with fan pressure ratio and Mach nuwaber when
cowl drag is ignored. However, Figure 13 shows that when cowl drag is included In
the paramctric analysis, tnen fan pressure ratio optimizes as a function of Mach

number and the overall efficlency reaches a maximum near the flight speed where

3L
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the cowl drag rise occurs. Figure 14 shows that overall efficiency increases 2 per-
cent to 3 percent as overall pressure ratio is increased from 30 to 35. 'the propul-
sion pod drag used in these studies is presented in Figure 15 and is based on

Reference 9.

Figure 16 shows that at a constant fan pressure ratio and a constant overall
pressure ratio, overall efficiency decreases slightly as turbine inlet temperature
increases from LB?IOC (QSOOOF) 10 1593OC (EQOOOF). Based on these data, there is
no incentive to increase the turbine temperatures of advanced nigh bypass turbofans
ahove the turbine inlet temperatures of current high bypass turbofans (see Fig—
ure 11). Figure 17 shows the effect of the low pressure turbine energy split
between the fan duct and the primary englne exhaust. High energy into the primary
exhaust results in low bypass ratios and high energy in the fan results in high
bypass ratlios. Tt can be geen from the curve that overall efficiency optimizes

near the condition where the fan jet and primary jet velocities are equal.

3.2.0 Cycle Design Point

The selected oyele design point for both the Jet A and LH, fueled engines was
2

e level atatic, standard day. The basic eyele ussumptlions are defined in

Table 3. As noted, the cycle was sot to provide a primary and Tan stream exhaust
veetocity match ab this condition. Table 3 also defines the engine component
cfficiencies solected from the cyele analysis study and used in the Jet A and L,
cye Lo performance development. Fvery offort was made to keep the hydrocarbon and
hydropen fueled engine o cle definitions as conslstent as possible to prevent

unrelated differences from biusing the study.

The cngine base size was set at 1057 kl (35,000 pounds ) of installed net
thrust. 'fhis performance level was achleved with a design turbine inlet tempera-
ture of 11670 (29560°F) and an overall cycle pressure ratio (CPR) of 35.0. While
higher CPR's would probably be available by 1985, it becomes more difficult to
achieve high compressor efficiencies because of tolerance and sealing considerations
in the relatively small gas gencrator, 'the fan stream and primary Jet velocities
matehed at 25h.5 m/s (835 ft/sec) and the resulting bypass ratio (BPR), at SL3, is
approximately 173 for the LH2 fueled engine and 11 for the JET A fueled engine. For

the eruise condition the BPR values are 13.5 and 11.6, nearly at peak thermal

efficioney as can be seen from Figure 17.
J 7

After a carcful review of the available literature and accounting for weight,

performance and acoustical criteria, a single stage fan was sclected with a design

37



0.44

l

TURBINE INLET TEMPERATURE = 1482°C (2700°F)
TYPICAL CRUISE CONDITION
FAN PRESSURE RATIO =15

0.40

<

[=]

o

2

o|2Z 0.36
>\5

2! - /
vz

’ OVERALL /
N PRESSURE /

o RATIO

2 032 —

o 35

™

o

. 30

2

c 028

¥7]

>

(@]

0.24
0.20
05 0.6 0.7 0.8 0.9

DESIGN MACH NUMBER

Figure 14. Effect of Cycle Pressure Ratio on Overall Efficiency
vs. Mach Number - Cowl Drag Included

38



.18

.16

14

A2

.10

.08

.04

.02

I
(COWL DRAG COEFFICIENT BASED ON MAXIMUM
NACELLE CROSS-SECTIONAL AREA)
0.2 0.3 0.4 0.5 0.6 0.7 0.8 09 1.0

FLIGHT MACH NUMBER

Figure 15. Cowl Drag Coefficient vs., Mach Number

39



0.44
TYPICAL CRUISE CONDITION
OVERALL PRESSURE RATIO = 30
FAN PRESSURE RATIO = 1.5
0.40
[\]
=]
=
2 0.36
ol> O
>|5 _===3
2| - -
w = ==
2
o
2 0.32
w
(_._) 2
TS 22
(V8
w
-4
<
T 0.28
w
>
(@)
TURBINE INLET TEMPERATURE
0.24 1371°C (2500°F) ——————— ]
. 1482°C (2700°F) — —— ——
1593°C (2900°F) —
0.20 ‘
0.5 0.6 0.7 0.8 0.9

DESIGN MACH NUMBER

I'igure 16. Effect of Turbine Inlet Temperature on Overall Efficiency
vs. Mach Humber - Cowl Drag Included

Lo



Fn Vo
W, LHV  0a

OVERALL EFFICIENCY ~

0.44
FAN PRESSURE RATIO = 1.623
TYPICAL CRUISE CONDITION
OVERALL PRESSURE RATIO = 30
0.40
0.36
Vir = Vip
/ \G\
0.32 //
0.28 //
0.24
0.20
4 6 8 10 12 14 16
BYPASS RATIO
Figure 17. Effect of Bypass Ratio on Overall Efficiency =

Cowl Drag Included

b1



TABLE 3.

FNGINE DESTGN POINT DATA, SEA LEVEL STATIC — STANDARD DAY

Vi.

Vil

VI

BASE SIZE ENGINE

INSTALLED NET THRUST
INSTALLED S.F.C.

TURBINE INLET TEMPERATURE
BYPASS RATIO

OVERALL PRESSURE RATIO
JET EXHAUST VELOCITY

FAN DESIGN

STAGES
AIRFLOW —Wa V/ By /5
PRESSURE RATIO 2/ T2
POLYTROPIC EFFICIENCY
DIAMETER

TIP VELOCITY

FAN FACE MACH NO.
HUB/TIP RATIO

COMPRESSOR DESIGN

COMPRESSOR PRESSURE RATIO
POLYTROPIC EFFICIENCY
AIRFLOW

COMBUSTOR

EFFICIENCY
TOTAL PRESSURE LOSS

HIGH PRESSURE TURBINE

PRESSURE RATIO
STAGES

ADIABATIC EFFICIENCY
COOLING AIR

LOW PRESSURE TURBINE

PRESSURE RATIO
STAGES

ADIABATIC EFFICIENCY
COOLING AIR

NOZZLE DESIGN
CONFIGURATION

PERFORMANCE — (VEL. COEF.)

A. PRIMARY C,
B. FANC,

ACOUSTIC TREATMENT
A. INLET

B. EXHAUST —
1. FAN DUCT

2. PRIMARY

NACELL GEOMETRY

MAXIMUM DIAMETER
OVERALL LENGTH

INLET HIGHLIGHT DIAMETER
INLET THROAT DIAMETER

CRUISE THROAT MACH
NUMBER

HYDROGEN FUELED

HYDROCARBON FUELED

156.7 kN
0.092 kg/HR/daN
1416°C

{35000 Ib)

{0.094 Ib/hr/Ib}
{3040°R)

12.95

35.0

(835 ft/sec

{Vi PRI & Vj
DUCT MATCHED
@ SLS)

254.5 m/sec

1

{1360 Ib/sec)
1.51

91%

{84.4 in.)
(1390 ft/sec)
0.56

0.35

616.9 kg/sec

2.144 m
423.7m/sec

23.3
92.0%

43.5 kg/sec (96 Ib/sec)

100%
4.5%

39

91%

7.4

9%

COPLANER, FIXED
CONVERGENT NOZZLE

0.995
0.995

VARIABLE GEOMETRY THROAT —
THROAT MACH = 0.8 DURING TAKEOFF
AND APPROACH, INLET WALL
TREATMENT

ALL TREATMENT ON BOTH CORE
ENGINE AND OUTER WALL, ONE
TREATED DUCT RING

WALL TREATMENT

2.69 m (106 in.)
719 m (283 in.)
218 m (86 in.)
198 m (78 in.}
0.73

155.7 kN
0.275 kg/HR/daN
1416°C

254.5 m/s

615.1 kg/sec

2.144 M
423.7 m/sec

51.3 kg/sec

(35000 Ib})
(0.281 ib/hr/lb)
(3040°R)
10.90

350

{835 ft/sec)

1

{1356 ft/sec)
1.51

91%

(84.4 in.)
(1390 ft/sec)
0.56

0.35

23.3
92.0%
(113 Ib/sec)

100%
4.5%

4.6

90%
5%

6.2

4

91%
0
SAME

0.995
0.995

SAME

SAME

SAME

SAME

2




fan pressure ratio (FPR) of 1.5 and a tip speed of approximately 423.7 m/s

(1390 ft/sec). The fan design point performance was based on a 91 percent poly-
tropic efficiency which should be achievable by 1985, A fan face Mach number of
0.56 and & hub/tip ratio of 0.35 were chosen for the basic fan design. These
values are consistent with current single stage fan designs. 'The resulting fan
performance provides an air flow rate of approximately 617 kg/s (1360 1lb/sec) at
51,5 and a maximum tip diameterof o.1h m (Bh.h in.). This diameter is near maximum
from a practical standpoint since a QEC diameter of 2.4k m {96 inches) is the maxi-

mum wllowable for highway transportation.

Having set both the overall compressor pressure ratio of 35.0 and the fan
pressure ratio of' 1.5, a compressor pressure ratio of 23.3 results, The compressor
has a 92 percent polytropic efficiency and an air flow rate of approximately h5.4 kg/s
(100 1b/sec). “This compreussor pressure ratio is achieved with a ten to twelve stage
variable geometry stator design resulting in an average pressure rise of 1.37 to

1.30 per stage.

A combustor efficiency of 100 percent and a total pressure loss of h.5 percent

were used for both engine designs. The LH, high pressure turbine is designed to
:
have a 3.0 pressure rabio at the design point and an overall adiabatic efficiency
of Ol percent. 'The heat capacity of the liquid hydrogen is utilized, via an inter-
mediate coolunt, to cool the turbine blades and related nozzle guide vanes, The
Jet A tueled engine has a slightly different high pressure turbince design having a
pressure ratio of h.H and o 90 percent adiabetlic effliciency {1 percent less than
the L, fueled turbine design J. The Jet A fueled engine cmploys a more conventional
desipn using U peoreent primary alr flow to meet the turbine cooling requirements.
The use of compressor discharge air to cool the turbine accounts for the difference
in the turbine efficiency and design BPR, relative to the LI, fueled engine. This
2

is bLeesuse the Jot A fueled pas generator has to be slightly larger to compensate

for the cycle energy lost in cooling the turbine.

The low pressure turbine consists of four stages, having an overall adiabatic
efficicncy of 9L percent and requires no cooling air flow. The LH2 fueled engine
has o design pressure ratio of 7.4 as a result of the higher BPR, compared to 6.2 for
the Jot A fueled engine. Both the primary and fan stream nozzles have a 99.5 per-

cent nozzle velocity coefficient,

The engine is controlled by scheduling the compressor rotor speed as a function

of turbine inlet temperature (TIT) to provide a relatively constant corrected gas
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flow to the low pressure turbine. The fan speed is allowed to balance out in the
resulting cycle condition. The only 1imiter used is a maximum fan speed of 108 per-

cent which affects a few high altitude, low Mach number flight conditions.

3.2.3 Hacelle Design

The overall nacelle design and engine installation arrangement is shown in
Mgure 18, TIn attempting to achieve the noise goals of FAR Part 36 minus 20 EPHdB
and the 5.18 ng (2 mig.) area of the 90 EPNAB contour, the nacelle was designed
with a variable geometry inlet, and included inner and outer fan duct wall acoustic
tining and one annular treated ring extending the full length of the duct. The
inlet throat was sized to provide a throat Mach number of approximately 0.73 at the
cruise flight condition. However, during takeoff and approach the inlet throat
contracts to provide a 5.8 to 0.85 throat Mach number. The inlet lip configuration
matches closely one used in the L-1011 design; however, the inlet length had to be
inereased sipgnificantly (approximately 60 percent relative to the -1011) to allow
For the mechanical aspects of the variable geometry design. The nacelle has co-
planer exhaust nozzlos and ~mploys a clam shell type reverser. It wags assumed that
the fun design woulid have no inlet guide vanecs (IGV) and a rotor-to-stator spaclng
of approxinately three times the fan tip axial length. Tt was further assumed that
no comprossor nolse wonld radiate forward because of the high inlet throat Mach
nunper during bakeoff and approact, and bhe turbine wus designed with appropriate
rotor/stuator relationships and treatment so that turbine noise would not be a factor,

I'or o deseription of the methods used in calceulating noise levels, see Dection h.8.2.

Pheo baceline propulsion system welght buildup is defined in Table b for o wing
pod contiguration, The engrine welght was based on a predicted thrust-to-weight
b in of T.06 dall/ke (1.2 Ibr/lbm). This level should be achicved by 1985 since
current high BPR engines have thrust-to-welght ratios of from 4.9 to 5.9 dali/kg
(5 to 6 Lof/lbm). The totul pod welght of L291 ke (9460 pounds) provides a nacelle
thrust—to=weicht ratio of approximately 3.65 dall/keg (3.7 1bt/1bm). Since current
instal lations have thrust—to-weight ratios of 2,00 to 3,43 dall/kg (3 to 3.5 1bf/lim),
1t was asouwned that a 3.63 dal/ke (3.7 1bf/1lbm) engine /W ratio would be achicvable

witi bhe variable geometry inlet by 1985.

The basceline engine can be scaled over a thrust range from 11,100 to 20,000 dall
(25,000 to 45,000 pounds) of installed SLO takeoff thrust without significant dis-

crepancy .  ‘The physical nacelle/engine scaling factors used are also shown In
} . E >

Ly



SOT3STJI930BIRYD STTe0R/auTius mmg surTeseg QT oan3Td

H3ISHIAIY TT3HS WV1D ('N10°90L) W 69°Z = H313WVIA XYW 3T1T730VN

L137INI AHLIWO3O 3719VIHVA ('N1 0°€6) W 9EZ = HLDN3T L3 INI

(97 08€S) ON OVPZ = LHOIIM INIONI IdVE (NI ¥'¥8) W L2 = HILIWVIA NV
('N1£€82) W6L'L = HLONIT 377130VN XVIN SE€°0 = OllVvY dil/anH Nvd

*SO11S1d31LIOVHVYHI NOIS3IA 3T130VN/INIONT

r—— - - = /|
| $3I1HOSSIJIV ! J
Lo o e e J

@3NIvLISNI — (97 000°SE) NBP 0LG'SL = 1SNYHL 3Svd
GE = HdVO 'S'L = Hdd "(Ho0P0E) D91l = 111 'STS :NOILIANOD NDIS3IA INION3I

L5



TABLE 4. BASELINE PROPULSION SYSTEM WEIGHT

Rase Thrust = 15,570 dall (35,000 1b) (SLS, Installed)
TIT = 1416°9C (30L0CR) OAPR = 35.0

Fan Pressure Ratio = 1.51

ITEM kg

Fare Fryrine oLho.h
Accessories and Gearbox 2170,
ritet,, Variable Geometry 155.9
WMount ine Brackets and Pylon Splitter Fairing 90.7
Naceile hlig .1
(ius Generator Cowl and Tail Pipe 231.3
Pan Duct Acoustic Ring 12oh.7
Thrust Reverser P82

Total Dod Welpht/Engine ,291.0

NACELLE SCALING DATA

™ 1.07
. o
Wl Sl
Wl Pob = pon L b=
Loty )\
“a10 (REF)
0.50
I
Nf,‘ o
J[ /\ — DT ,\ PO TN
] 1! (REF) FN
sLs (REF)
. Loy
No o
LENGTH =  LENGTH ; Do
CUREF) \ T,

S1LS (REF)
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Table 4 and are generally consistent with the current industry preliminary design

performance data.

3.2.4 Installed Performance

The installed propulsion system performarnce was developed using the SYNTHA
engine cycle program with the previously described desing point data and off design
charascteristics of current high bypuass ratio engines. The installed data are buased
on the inlet recovery shown in Figure 19, The inlet performance reflects Lockheed
subsonic inlet experience and accounts for all normal internal losses, plus those
associated with the variable geometry throat. A fan stream total pressure loss of
3 percent was used to account for the fan exhaust stream losses, including the
acoustic ring and related blockage. The primary exhaust streum was debted for g
0.5 percent. total pressure loss. The data are based on a lower heat value of
o 830 kJ/ke (185,500 BIU/LL) for Jet A fuel and 120,090 kJ/kg (51,590 BTU/1b) for

LH,, fuels Yhe comprossor bleed and power extraction are shown in Table 5.

TABLE 5. COMPRESSOR BLEED AND POWER EXTRACTION

ALTITUDE COMPRESSOR BLEED POWER EXTRACTION
METERS (FEET) % CORE AIRFLOW KILOWATTS
0 (0) 1.70 93.2 (125 HP)
1524 (5000) 2.0k 93.2 (125 HP)
3048 (10000) 2.39 93.2 (125 HP)
bsre (15000) 2.3 93.2 (125 HP)
6096 (20000) 3.07 93.2 (125 HP)
7620 (25000) 3.h2 93.2 (125 HP)
9144 (30000) 3.76 93.2 (125 HP)
10668 (35000) h.09 93.2 (125 HP)
2192 (L0000) Lol 93.2 (125 HP)
13716 (45000) b7 93.2 (125 HP)

L7



qeoqyl AI15uw09: 9TABTIARA - AJISA0D9Y 9JINSsadd TBIOL 39TUL pog JuTi 6T 9IMETI

Z, 2
a3s/aioot ~ Lo/ Lo/ em

141 4" oL 8 9 14 [4 0

| ! _ f _ _ _ _

2, 2
03s/9) ~ Lo/7Lg ) era

L 9 S L4 € c l 0

0860

0 /uo_>_

860
/\H_H_Omv_/:.

8860
1’0 Ow
/ 2660
3SINHD
9660
IA08V ANV 20 = oT /
a1 XYW 7/
|

000°L

1

L8

0, ¢
La/ 14 ~ AH3IA023H 3HNSSIHA TVLOL L3TINI



Because the aircraft takeoff design condition was 304.8M (1000 ft) altitude at
30.6° ¢ (900 F) the engines were flat-rated to provide full thrust at this ambient
temperature. Figures 20 and 21 present takeoff thrust vs Mach number for both
engines. A crulse SFC comparison is shown in Figure 22 between the P&W JT9D and
the Jet A and LH2 fueled engines derived for this study. Note the Jet A fueled 1985
state-of-the—art engine has approximately 13 percent lower cruise SFC than the cur-
rent engine. The SFC difference between the Jet A and LH, fueled engines is primarily
duc Lo the higher gravimetric heating value of the LHQ. ;igures 23 and 23 present

installed part power cruise SFC vs thrust for both the Jet A and LH, fueled engines

at 10,670 m (35,000 ft).

3.3 ABERCDYNAMICO

The aesrodynamic drag buildup procedures and mission analysis techniques employed
for the passenger and the cargo alreraft in this study are very similar. The small
differences which exist will not influence the conclusions of the study since a com-
parison of aireraft designed for the two types of missions was not intended. Duch
a4 comparison would not be realistic anyway, since cargo aireraft are generally
designed to slightly different criteria than passenger aircraft in other technology
arcas also.  Conclusions regarding configuration differences arising Crom the usce

of LH, in licu of Jet A are val id for either type of alrcraft and are relatively

¢

Tnsensitve Lo any small differences in computational technigues or design eriteria,

1.3, Pascsenger Adreraft Aerodynamics

The aerodynamics data for passenger airceraflt developed for this study reflects
"tate—nfetbhe—art” wide body Tristar flight test derived data, incremented by avail-
able unclacsified "superceritical" data to project the potential of advanced tech-
nology decign practices. These parametric data build-up procedures werc applied to
Lhe cruise and off-cruise Mach number drag polar determination; take-off, approach,
and landing polars; and Chmax for variations in all transport aircraft geometrlc
and tflight variables. Zero Lift friction drag was estimated, using current practices,
through the variables of flight Reynold's number, form factors, and roughness incere-—

ments for cach aireraft component.
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Figure 20. 1Installed Thrust vs. Mach Number - Takeoff Rating -
Jet A Fueled Engine
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SFC ~ (KG/HR)/daN

1.3
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Figure 23, Installed Cruise SFC vs, Net Thrust - Jet A Fueled Engine
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3.3.1.1 Cruise and Off-Cruise Drag Polar Build-up Procedures - In arriving at a

basis for predicting the predrag and postdrag rise characteristics of the parametric
hydrogen fueled transports incorporating advanced technology '"supercritical" wings,

relationships were derived between "state-of-the-art" and "supercritical" technology
using theory, 2-dimensional wind tunnel and available 3-dimensional wind tunnel, and

flight test data.

Initial premises, see Figure 25, depicts the "design to" 2-D upper surface
pressure distribution typical of L-1011, and advanced technology wing secticns.
Advanced technology implies that as the region of local supersonic flow develops on
the upper surface and grows in extent the shock wave terminating such a region
remains weak. This phenomenon is in contrast to a very strong upper surface shock
and possible shock-induced separation associated with more conventional wing design
practice. For either design philosophy, however, various combinations of drag
divergent Mach number and 1ift coefficient can be attained by varying the thickness
ratio while retaining the desired upper surface pressure distributions. It is
further premised that for a given thickness ratio the advanced technology will attain
a higher drag divergent Mach number, or conversely, for the same drag divergence a
thicker wing can be tolerated with advanced technology. On Figure 26 the above
discussed relationships are noted for available 2-D tests and theoretical prediction
techniqgues. At a drag divergence level of 10 counts and 1ift coefficient of 0.50,

advanced technology represents an increase in drag divergence Mach number of approxi-

mately 0.06 to 0.08 over conventional NASA 65 serics airfoils design practice.

ton =l . .
"State—of-the—art" practices would produce lesser benefits.

To convert 2-dimensional divergence characteristics to 3-dimensional, the effects
of sweep and aspect ratios must be known. From previous studies the relationships

have been derived and are noted on Figure 27.

The divergence characteristics developed thus far relate 2-D to 3-D at 10 counts
of drag rise. Figures 28 and 29 present the relationship between Mach design at a
AUD” of = 22 counts and Mach divergence at 10 counts at design 1ift coefficient.

0. ac cr decrement 1 2 > H v . =N ) 22 ¢ .S ¢
A 0.03% Mach number decrement 15 noted between MDEb MDIV.S—D @ 22 counts and MDlV.S—D

@ 10 counts.
In further developing the parametric drag build-up procedures for advanced
technology application it has been premised that the 1-1011 pre and post drag

profile and compressibility drag characteristices from MD . and C are

esign Lpesign
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DRAG DIVERGENCE MACH NO. — Mp,,

sMp,

CL ~ 50
Acoc =~ 10 COUNTS

® WIND TUNNEL

O THEORY

SWEEP- AC/4

Figure 27. 3-D Corrections to
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representative of advanced technology wings. These characteristics are represented
by the parameter "¢", see Figure 30 and C of Figure 31.
J ¥ ’ > & ) Dpregsure &

>
o = (¢ 1.08 + AC + AC + © "ot L AC
) (¢, ) 1.0 “l Al C /m AR 2 Do
TOTAL i P P . Trim
fuselage wing

Where the 1.08 factor accounts Tor roughness.

To secount, for trim drag associabed with the large negative pitehing moments, i

LUk t"l Cnerement i assumed to be carried by the wing to develop the desired tord e d

o301, High Lifrt Drapg Polar and Clrm Build—up Procedures - Tn bullding up the

o )
1,2C

high list polars for parameiric transport aireraft it is first premised that the
clenn Plaps—-up polar has been defined ot M= 0,23 by the procedures dicenssed o the
proevious sechbion,  The oigh LT flapo—down polars are then developed by addlng to
this polar, it and profile drag inerements as oo function of wing and flap geomebry
(e Pioure 302).  As in the previons bulld-up methods, the =101 Plight data hao
Dol sed o bhe bLasio for develooing taese parametric procedures. Methods from
Lo koyal Acronnntlend Hociely (RAGY Drins Cheots have beon applicod to thoese datn Lo

porniboexeupsions in Ulap and wityr geomebric variables (Figure $4).

Mo imun L6 coorfieionte, using FAA cortiCiod =101 DLIght data an Lhe brsog

Lo bocer modl T Por Dlap and wing geomebry using the methods off bl RAG dite

I b chady TL was assumed that advaneed desien tecimiques appliced Looa high
ST ooyeter would permit Ineconses in U O 10 perceent greater than achiovablo by
prosent stite—-ot=the-nrt proctice,

N

303,103 Wing Sweep Angle Scelection - Geleetion off sweep angle for the cruise Mach

numbor A% hydrogen Cueled prossonger aireratt wing wis based on the trade noted in
Ceotion 4.4.0.1.1. For those aireraft designed for cruise at M= 0. 80 and M = 0,090,
o decronent g neremoent regspectively of bodegress was selectod Lo retoin preoansd

pos by i characterisbics cqulvalent to the M= D.A5 desisn,

$.3.01.0 Approach Specd Considerations - 8e lection of passenger alrcraft approach

specds was based on the considerations noted in Section 3.3.2.3.
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3.3.2 Cargo Aircraft Aerodynamics

The aerodynamic characteristics of cargo aircraft involved in this study are

based on the maximum use of supercritical aerodynamics as developed 1n conjunction

with NASA-Langley during the ATT studies. The technology is defined in Section 3.2

of the Lockheed ATT report (Reference 10). Refinements in this

made since the ATI studies and are included in the current study.

data base

have been

3.3.2.1 Cruise Characteristics -~ Since an optimum aerodynamic configuration does

not necessarily result in an optimum confliguration as defined by minimum welght or

cost,

the alrcraft cruise configuration was defined early in this

study by severatl

parametric analyses. These parametric analyses were accomplished through use of o

Generalized Aireraft Sizing Program (GASP) which utilizes predictions of structural

weliht, propulsion charactericstics, and aerodynamic data to estimate the size and

sross welght of alreraft constrained to meet given payload-range performance.

Purttier deceription of this program is included In Section 5.3.1.
f 138

o e

3.3.2.1.1 Wing Sweep Angle Selection — A parametric study for a preliminary version

ot the smeil hydrogen fueled aireraft at a wing loading of 962 keg/in” (115 1b/

and with a wing asvect ratio of 8 was conductod using wing sweep as

o)

the

prime

The wing: louding wos chosen for this example because 1t permitted the 70 m/s

{135 snot) approach specd selecled for use in this study.

N

veariablo,

The effects of wing swoeen

are cosentinlly independent of agspeet ratio,  The results of this study are shown

P Fisure dh.

Theoe data 1lhaehrate 4 decrease in gross weight, of about
i deceeqgaod from 45 Lo O degrees. This olight weipght decrease

GUfset by soveral gquad itative factors, however, and @ sweep angle of

pereent, as

congidered

SwWoop

o b

30 degrees

wis selected,  The adverse faclors resulting from low sweep angle include incereased

cuct csengitivity end increased potential for wing flutter.

Both of these factors

have the potential for requiring wing weight penalties not assessed in the para-

m=tric asnalysis., In addition, the low wing sweep angles would result

urintion having an acerodynamically undesirable area distribution.

The

in a config-

30 degree

wing sween angle also provides wing section characteristics normal to the swept

axio at 0,55 Mach number which are well substantiated by NASA-Langley

the AT study.
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3.3.2.1.2 Wing Thickness - The wing thickness characteristics were defined by the

eilel el

empirical method described in the ATT report (Reference 10). This method defines
the allowable wing thickness as a function of the basic drag rise Mach number, MDB.
The Lasic drag rise Mach number, in turn, is a function of the wing sweep and aspect
ratio, the cruise Mach number and 1ift coefficient, and the wing technology level.
Figure 3% shows wing thickness ratlos as a function of the basic drag risc Mach
number and Lift coefficlent and the supporting charts show the increment in drag
rice Moch number which are functions of aspect ratio and wing sweep. An aerodynamic
techrnology increment of 0.09 has been uscd for all cargo aircraft configurations,
This technology factor, derived from NASA data, accounts for the differences in drag
rige Mach rumber (for o given thickness ratio and cruise Lift coetfficient) betweoon

supercritical airfoil scctions and HACA H-series sectlons.

A shown on the flgure, the basic drag rise Mach number is determined by sub-
fractinge Lhe Mach number increments due bo sweep angle, aspect ratio and technology

Loyl Prom the specified crulse Mach number.

Thee pesice drag rise Mach number shown in Figure 35 assumes the aireratt is
desined Lo fly 10 counts into the comvressible drag rise.  Figure 36 1ilustrites
b, 11 Lhe aireratt s deaigned to eruise further into the drag, risn, then the
Do o drier rioe Mach namber will be decreonsed. Reference to igure 3% shows that
Cop s mlven eruise Mocn munber, o reduction in basic drag rise Mach number will

sl Lo 0 larper wing thickneoo,

1

The AP confisurabion was designed Tor Clight 20 counts Inbo the drag rise.
T optim wing design most trade the redaction Dnowing structural weight against
Lhee dnercase o wings compressible drag winieh resulbs from increases in wing thick-
Wese. This brade stidy was conducted and Lhe results in Figure 37 show that itne
optimus DOU configuration s obtalned when the alreraft i5 designed to fly 16 counts

into the drag rise.

G.5.eu 1.3 Deag Bul ld=up = The eruice drioy characteristics detined in this study are

bl lt up as follows:

e he zero Lift drag of each component is estimated using the appropriate form

factors and skin friction drag determined at the proper Reynolds number.

e A wing profile drag increment, as o function of variations in design Mach

nunber and Litt coefficient, is applied.
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EXAMPLE:
| SMALL LH, FUELED NOSE LOADER
=66} CARGO AIRCRAFT:
° 2 AR =9
8 g 144 - Vap = 69.5 m/s (135 KEAS)
6.5 W/S = 560 kg/m2 114.5 Ib/ft2
| (START OF CRUISE)
6.4L_
140 ‘ I
58 17 —
3441
‘g
;E: 3.4 c fa)
= o -
. [
8336 — |- |
[a]
5.6 1 | | ] 15 | ] 1]
3.32L-
14 — 139¢ 306 —
— = 138+ —
® 5 2
| w o
- Qa3 -
= O
| < |
« 136
14 18 22 135% 14 18 22
DRAG RISE COUNTS DRAG RISE COUNTS
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e A compressible drag increment is applied. As previously described, a value
of 16 counts results in a minimum DOC configuration and that value ia used

in this study.

e A 12 count trim drag increment (derived during the ATT study for most for-
ward Cuor., loeation) is applied. Roughness drag is computed as 8 rercent
of the parasite drag.

o

o liducod drryr 1o determined based on use of an eificiency fmetor of

e A miveollancous droy increment (o available to account for ihems such s

4

witessl—we L fairimrs or flap=track fairinges as appropriate.

G et ek LTS Uheeracteriatios - For cnpereritical alrfoil sections, o o
IR

I

valie s s b oo cotabl iobed for the Landing and appronch configurations tfor
Lhe irerat't prosontods The wind bunne ] dota hoave beon corroctod fop Wing sweep,
reartosni ety and Ul chord beongbh variations.  In addition, reasonable

orrecbiore by boon applicd Lo correet Lhe wind tunnel dabn to 011 seale HiynoLds

piateoe et o el jun bt fes been made Lo aecoint tor Lo minimun specd effoct o

e Uil T FAR Part 05 10,

frovvatynamie clgracboriotios compatibile with Lhio resuit are used in cutinmeehing

Pree ko017 st brucd Do dinbaneos and e appronch o speed off L adroeral proserntd

Tene e appreeeln dipeed nns Dot Tonps = Pec b imineey informaion on reculhns Crom o

"o, P PR TR . 1 . IR T A caviar Ly dieons N H 1 I
i e tone iy e nn sapndb bed s by HASA= L Loy v beon cxttan ined. Lo v o

[ R 1 R ] ST TR S VPt aTes wecepLanec raben. Porbions off Lt ety

sl Do Ut by Tn e Dnown on Fipure 25 Cor Lo me i cned min o Yol e

O ey e b D Tyery secieiey o e Plure shown Louat, 11
Pevierse v b oeapabs i ity Do b i e [aiw-wlr}r:xtirm rate oft 3005 m/‘.:m‘l] (1o I‘Ti/”;:m"])]
wreptie prdon Tneronse with appronch speods Por Sixed soparation disboancon b Lo
Gpproneciiingg aireralhe Aceopbancs rates remain essentinlly constant, i approiehiongg
alreratt e ot gepneated by Plxed distooecs, but allowed Lo continue on Ui ]
appeoncn sboany biree intess boe precocdingg alrplanc is sbill on the ranwey . AL

Power oo borabion raton, acecpbanee ralen are subsbant ol ly reduced at nigher

sotniiery o b resalts ol Lo runway operations annlysis showed that when
curee by cxiating deceleration capab Ll it ices are recognived, and when technologsy

wedvinecn e incorporatod in o the Lobal Lerminal ares operation, runway accepbanee
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rates elther remain constant or improve as approach speeds are increased. On the
other hand, as a limiting consideration, it is recognired that pilot work load in-
creases 1T approach spred Increases and some accident statistics show increasing
aceldent rates as appronch speeds increase.  No quantitative analysis leading to
conclusive trudeoffs of the various factors discussed here was attempted in the cur—
rent program.  However, the effect of lower approach speeds on gross weight and
direct operating cost (DOC) for a typieal alrceraft in this study is shown in Fig-
ure 900 These data indicate an LY percent inerease in DOC it approach speod i
towero Prom 5005 to 5605 m/o (135 to 110 knots). An approgsch speod of 69,9 m/;

(195 vnoba ) was selocted an g compromise valiue and was used to establich upner Limits

ooy boding Tnoseleetine alrplone confipwration characteristics.

T potovnopny of uel aclive controls Lochnolosy impactoad the f1ight controls

e iyt dnomeen byt Ll ompennnge sine and oo,

)

.oenvelopr for relnxed stabloe stoabiTity,
s dont o of et ive controls applications for disercte load control oand flubtor
suppression showed results of doubbfal bheae it for airplanes off bthis type.  Cononider-
Dt Lo veopes o b el conbrols M Cort in this study it was decmed bost Lo

1

rochien et e eonteol ot Lo shab i ULy angmentabion.

e orentorabbon of ghatie stabiiiby by active CLisnt controls necessi b
Slept Do i e s bl b o sl eriterion renlacing stobie margin. Phoe ted |
abvbiobed e s Tt lons o conbrol power patbier bhios s s prss ive contbri -

Bt bon noo dade et slab i Dty The mont demand inge sirplane nose down (AND) control

For o airp b balaneed oo statieally unstable condition i
cte et oy bl necd Lo reshriot ang e off attack gt minimam speeds The criberion
meis s rencare o Uietent ADD pitel aeecleration bo oavoid penetration beyond the
nesdeniamn e ired syt le of abbacks Mor oan airplane with o distinet stall the Pimit
RTINS B T PR SR STRTE R S YRR TR B TR SV LA

Vel Lime hictories from L=1011 Clight tests were examined to oblain datna on
stocl rocovery o The maxionun A B D piteh acceeleration was measured during recovery
Peom gtoobe In bne landing configuration witn forwerd and aft center of gravitly
pocitions sl ovarions welehbts. The total piteh acecleration resulted from the com-

H

bired oot o inherent stick Tlxed piteh down tendency plus Ineremental AN D

(P
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Gtabilizer input.  The nose down acceleratlion from pitch down tendency is o function

o

Gl ootabie margin. Supplemental nose down control was commanded when the pilol was
dicoatisticed with the progroess of recovery.  In no instance was full A D control
capability cmployed.  Apparently the resultant meacsured maximum piten down aceelers—

+

tions were sufticient to satlsfly the pilot that recovery from the stall was procecd-

Pegr b oan o accopbable ratels A ctatisticnl distribution of tLhe pesk piteh aceclori-

tions 1o ahown on Plhoare H00 The magnitude of the nenk aceeleration wis ogquel Lo
vy
Grodess Lhan 08 radians/ooc in 87 percont of Lhe cases.  In the {ow recoverios
i)
:

with s lorations in oxeess 0f =1 rad/oece’ Lhe recovery was o oinitiated well aftory

b sl Do mindman specd was reoached or ciose the peak scceleration oceurred oniy for

aoourief torynl, it can be concluded that = 08 rad/soc’ represenbs o usefual unper

bonnndary on Dl atrplane nose down piteh aceclerastion necded Lo provide satictaetory

Ao lrobaan bscbkine Taberent ot le shabil ity and/or piten aown bendeney ot Lo

sl e praviaod witn acbive covelope timdbing an oo component. of thoe Torgni-
Pcbivi b b i Piby anmraenbation systhens The margia of conbeol power poguieesd Lo oo
S O R R P et e i speed oy e le of it b Pl e ottt Limith oo th
et eyl Ly o T L o, Pl vewer ity off Lhe cure consteaint depends on bres oioe

P b b peoweor ol e tadnede LU Tn proposed Lhat tor daree subsonic toragns-
vt rnlanes encent il Ty similar Lo o Lhe L=T011 Lhe control power margin be out'-
Pidont o g e s A0 T8 D nd bl e borat bon off =0 r“ui,/“‘,:w:"j. Power o oebs ot

oot e teith bt e eresle Lo eyt i Lo osboats =000 poed Jee et it cons Lan

sreeo o b s chwewer T shioridl be asoureed bt the et v conb ol sy ater wid
Peecperd b e i cnnd Uy o i b lone n owe DD s rgn b o b ik b Ll Lo
Wl B e bn ! Bl L b=to=we it it e,

S Gl eyt L

Flight controls sizing analysis was conducted in depth for the passenger transport
eonfliguration having liquid hydrogen fuel contained within the fuselage, Figure h1 (CL-
1317-1). rimpennage sizes for all other configurations included in the study were then
baged on those defined for the CL-1317-1 configuration. More detailed analysis of

these other configurations would have negligible effect on the outcome of the study.

The coeronly o Timi Lo o L Ch=EA 1 =1 conber of meavily position are depon-

)

Pords ey e pieonta b bl o volume co=cUP e ient as shown oo Figare G000 The Porwneed

it s tmoenseed ony o Lhie pespiirewont Poreoadrplane nose oup challdoin Lhie landing con-

Pl o, v bope Dimi b g requirements, also o Lhe Landing configuratilon,

[
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Figure 40, Maximum Pitch Acceleration During Stall Recovery
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Rudder Size for Directional Control With One Engine Inoperative
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pliace the aft limit. 'The neutral point is shown for reference, but was not o pri-

mary consideration in setting limits. Takeoff rotation and clean configuration

envelope Timiting, both potentially important conditions, were oxamined, but wore

fournd to be less eritieal. Their relationship to the e,g. envelope is o!

&

P asumed tnat the CL=1317=1 should nave the same absolute o.p. travel as

L=10lt=1, L.¢ m (67.% in.) then s horizontal tail volume of .59 1o roqui

Thie wvertical Lol l wias sized Lo provide dirvectional control sufficient

LWL . It

Lhe:

YN

Loy biclaries

e s o an oubbonrd ongine sl Loako-oft thrust.,  'The relationship between Speoed,

)

nomires ]l Chrast and mdder area io shown on Miguare 43,0 In order thet air minbmun con-

b beoen nnaed s Sball specd (V) Tn S omds (103 KEASD) . For oo onormal  takoe=off,

not be regtrictive ot shorter tield Tongtas o Tisht Lako=

(960,000 pounds ) and bhrnst—to—weight ratio (1/W) o L3

Loy wtee ]

=100 St bests show bhat b this /W, rotation spoed (V) is related
it
poeed
AN
[ - r
”_— i. )
v
Wi Bieleenl Avintion ceriaiations cegiiire Lhnt V vhid "r.s"[,‘u Chimwve Lhie ol bowing,
. 0A R

W b cxpee anienas ot obe o frieid s

“{I-‘I*‘ ¥ Mot A b s (0 AAL . Pigure S shiows Lhot rodder area (0 ) o
(AN N

ot Cr e o) o Al condition. The recultinge vertical Lall volame

Che o ront diecctionnt stabiity To B30 pereent ot that for the L=1011.

)

P T bl riedder T sOopereent of the Din chord. Wity

P—-

fhis il

Aotive

Pabii tioatTon o willl poestore dircetionsd stubi ity to the level desired. Control power

e o e tive phabilization s less than the smount moade available

oo et ine—nnls cantrol,

coloe ol Lo peend oy Lorgnb b ad diometer o eedat ive bo the Badl
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the body of approximately 1/2 the fuselage boundary layer depth at the tail surface

1/4 MAC location. The areas and volume coefficients refer to the exposed dimensions.

3.5 MATERLALS

Hefinition of baseline materials for all conligurations involved in this siudy
‘2 bLased on a materials technology which offers significant advantages in weight and
interrity and is technically achievable for design commitment in the late 1980 time
frame.  Material and attendant processing costs are design parameters which were
coneidered in seicetion of the various candidates. Seleetion of materials Tor the
major shtructural components of the study configurations was based on the results

reported in Lhe HASA ATT study of Reference 10.
ohHa L Airframe

Materinl usage in the wing, empennage, and portions of the fuselage which do
not luterface with LH. fuel is based on Keference 10, modified to it the requircment
f the subject sircratt. These materials must be corrosion resistant, fracturce
towsh, Patiyne resistant and stress corrosion resistant.  Where hydrogen diffusion or
4 chance L, cxposuare o o foregoeable happenstance, resistance to diffusion nnd
cmbri O toment and/or low teroerature duactility may be additionsd constraints.  Wolle
not precluding G ineidental application of other materials as Lhe noed arises,
arfvoreod meborials (‘funlp'“«flitFti) and bLhe high strength aluminum alioys emerge as Lhe
prodomiegte airfeane candidabes Pigure L3 and Table 6 (taken from NASA CRLILIILH,

Neference 6) compare properties of some alwminum alloys and composite materials,

rospectively.

In celecing materials for application in the AT studies, candidabte materials
wore compared on bhe basis of welght and cost of speeific applications to the alr-
frame ctructare.  Oelections were made tfor three levels oft application of advanced
miberinls on the basic of cost per unit mass off welight se ved.  Technoleogy factors,
computed for the three levels of applications, were applicd to the analytical welght
cguat ions wsed in the paramnctbric alrplane sirming program.  'The welight or technolog)
Pactors were developed for oooconstant-size alrplane by substituting different
maboriale and structburanl concepts and compubting the welights of structural elements

ror identical structural requirements.  ‘The full benefits of advanced materials were
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TENSILE ULTIMATE
STRENGTH-TO-DENSITY RATIO

COMPRESSIVE YIELD

STRENGTH-TO-DENSITY RATIO

TOUGHNESS
EFFICIENCY-TO-DENSITY RATIO*

mx103

mx103

1/k Pa

204

154

204

15 1+

[=]
1

80

<
2 X7050-T7351
x 60 &
z 7075-T7351 X7475-T6151 7075-T651
&
4.T351 -
2219.7851 2024-T35 X7475-T76151
40
80
<t
4
x
= 60
= X7050-T7351
&
7475-T6151 | ;02c 1661
7075-T7351 | 7475-76151
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Figure L43. Comparison of Aluminum Alloys at Room Temperature
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od by resizing the total airplane, including the power plant and other systems,

~ o bake adviantage of the lower sbructural weightso.

[n computing the technology factors, candidate materials and structurad coneoepts
werc oxanined Cor ench element off the structure. A wolght factor of 1.00 wis asoigmed
to Lthe conventlonsl aluminun strnetbure.  Bach of the obber concepls was sioed Lo

dentieal structural reguirements. The ratio of the weoight of the advanced matering

and conceopt, to thoat of aluminwn was defined as the weisht Tuetor,

Thee cont ot each coneoph was compared to the cost of conventions ! abuminum
o

phbetre il e cond per ounit o oft welght saved won bobutated, Solectiong wero

Mot Por the bhree tovels of teennology. Yhe maxdimon bevel ubd Deed sdvearneed

gt io s whoeee ponoibie Lo oobtodn bhe mindmam welgohts An intermedinte Tevel of
Gt ory o lied aodvanecd matorinls Lo appeoxinedte Ly H0 peroent of the conventionid

chrie e by e lecbinge minterials and concepts with the fowest coot o por o unit of

Woelehb wved s A thied Tove ] m

pliod the copceptn wilh Lhe lowest cont por unit of

o b approximatoc by WD peree ot Gf Lhie abariron steacture. e ces il LT

AT T W T AT

AT DAl ADVANC D DA

PERCERNT APEL DA Do

AUVATICRD AT A0

SUIVEIT AT
CRDO B0 G0 1o

bl U ture .00 0. 6040 0.60] 0.1 h
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The welght factors of Table ( were used in the paramcetric sizing progran Lo
sive amd price airplanes for each case,  Direct operating costs were compuboed, s
o connonie analysic of eact configuration was conducted to ovaluate the return on

Thveotaent.  The reonlts ot those analyses for Lhe ATT study, shown in Figuero b

oem the baoio for o geleoction of materials

for the ailreraft decigns off Lthe proesent
ctady ., As T llustrabed by Figure By, DOC Io miuimized by the application of
cdveunesd mberiats Lo 50 percent of the alrframe structure. Clherelore, Lhe sbre-
4

Ly reatorinls and conceepts and the welpht factors corresponding Lo tnis selecbion

o cnnad i Ll develooment ot sl Loadlrersatt contipurations prosented nerolin,

Pocl ank Dtructure

L s o Pue ]l regudres Lhat Lo tank moaterials beodoaeti e oaf
(i), senistant Lo hydrogen diffusion and ombrith Lement, Practurs Lowsh, Db i
et oot recdstant boocorrosion and sbross corrosion, cand o alon fnnt Lhey fuive o
B oo et o=to=we bbb et o, Farttier, they muasd beoamensds be Lo Pabirieation g

covecir neoeeosten oo Lo form oo long=Tived, Teiak—proof vensel s These choractor—

Pt ten cores o ne b Do b Tmnerbouree Lo tne shrachiarally Inbogmesd bans desiom

S e mme e o DimT et Aty certaiin U ooy cvnpos i ben e exbiib e

Gt Tl by w ik L Wal b Tt Uit by prowene Lo e LE Ty e Lok abminetoee

St by ey shoarhd ot oty Tdoreodd T L P Sl

o be i e e ety compir oo o some bt steesptth o hinnioam alloys o
G e o o s e et i Hi by o alloy D0l at cryopenie Lomperalurens,
Choowe D ch by, Sormabl LUy, cbress coreonion reoistanco, high fracture
Lovn e ot e st Lo flaw seowbing e citbod Do bhe HASA O LERT Y peport,
O N TR I e o Lheeoe characberiabien, atioy D019 weay oolectod an Lhe Lang
Gt vl e Lo ettt teennpeeds sty o The preesendt sbindy es B D019 s Loy
o b bl e o tal Por bk shoencture beused on Tdennlead o eabiona e e -

1

STy Tyt et Wi asoined Por Lhie Lo madoo vl b sy ogenie Lemperid
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insulation System, Mittings and Attach Members

e LU, tankase and delivery elements of tLhe propulsion subsystem must be
Sipnbied in materials through which the inner-to-outer thermal gradient ranges from
13 [T . . | . . . .

—0n e {(2he 1) Lo essentially ambient, temperature, and Lhe inward migration ot

SHb e

f'rom tne «

mviromment, (eryopumping) is negligibile,

i

Aobact ULt ines and members at Lhe installation interface must oot only Susth
Lhe mectnnienl loads but must also minimize heat transfer wud eryopunplitgn.
e meherials mact be capable of tolerating exposure to LH. or G in tho
v, ot e Lok, weldpshil must be minimized, and durabilify through ropebTtive Tt
v i pheern e ey e les st accommodate aoorendistibe refmerbishment cebiodule.
SR IVD G STR TN or biis concoptial des iy stady, o closed col D plastic fouwn,
el Lo TS tucion baceior mnberial For fasuarancee porinst eryopamning, e
ol by oo culviere s compon i he material for protection wroainst o meehnanieal inpeen
N EDHRIEAN Wity e deetesd oo representative ITnoulation sysbem and external coveriog:
et LHD D s s Sharaceberiabien of vaerions plastie Pomn insalation moaterials
porc pecnentesl T Teb Te B and datee Por several cond Dt dEUTus ton b Ter reboee i
v preeenbod B Tkl Gy ke Prom Retoroneo 6,
Table o DLAST IO FOAM TRGULAT TON MATER TALD
CHEEMAL SRR RN RI !
DI s DO Ty VTR BRG]
A kg W ki Kin
R A TR AN Pl T 1,0 8
Boierfer, i o (ot 00 (ext 3 300
Loy v ;‘,‘
Pty irethone N (O.0458 - _
Poieidy, e Do (ot 1o 80
R + 105 Ol 0. 0208 - -

i

o Poel |
I 1 |
i i ARRRK
Pioio, e e
| TR I R LR I A

[SRaT »}jib?‘{l

0.
{.
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TABLE 9. PHYSICAL PROPERTIES OF FILMS

Hp
PERMEABILITY
cc/ (100 in.g)
SPEC. (24 nr) TEMP. LIMIT
BARRIER FILM GRAVITY (atm/mil) SERVICE LIFE REMARKS

Polyester 1.39 600 —73.39C to 1499C | Could possible be

(Mylar) (1 atm) (-=100°F to 300°F) | used at lower temp
where no flex l!ite
required.

Polyvinyi L.57 950 —(3.39°C to 149%C | Could possibly be

Siuoride (1 atm) (=100°F to 3009F) | used at lower temp

(Tedler) where no flex lire
required.

Polyviny: .68 %50 -5hoC to 93.2vC Could possible be

Chloride (=65CF to 2007F) used at lower temp

(Garan) where no tlex life
required.

Terlon (FRD) 205 2340 =254°C Lo 204°C

{1 atm) (24259 to hoo"r)

Polyimide Pohe 250 —25h00 tao 2h30C

{Kapten) (=L257F o Wpo®r)

Pluorohalocarbon o 1500 —73.39C to 1hgec Could possibly be

{Aciar) (1 atm) (=100“F to 3000F) | used at lower temp
where no flex tite
required.

1.

Itoiu important bo point out that the matorinls bechnology essentlal to effeetive
use of L in oa commercial transport aireraft has yet to be developed.  For example,
the propensiby of structurnl materials to become susceptible to hydrogen embrittle-
weent as o result of years ot exposure necds to be determined.  The lTong term behavior
of mest candidate insulation, barrier and structural materials in the combined LH
and alreratt environment s unknown.  Yheir compatibility with other aireraft
materinle, .., hydraulic fluid; repetitive cycling through the flight profiles; nnd
repetitive and prolonged exposures Lo ncoustic vibration, are among the oxamples of
development, Losting which must be performed.  The ever tightening regsulations cover-—

Tng Tire, enoke and other hasords in commercial passenger Lransport ajreratft must be
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sre located over the inboard engines and affect the aerodynamic performance, flutter
characteristices, and wing loads. Co-location of the engine and the tanks permits
the use of common structure to help minimize structural weight. The structural
arrangements of the tank and pylon are shown in Figure 63 in Section 4%.5. A pre-
liminary stress analysis, utilizing the loads of Appendix €, was conducted to cstnb-
lish bhe feasibility of the design and to assist in the welght estimation of the

Lank installation and wing structure,

$ufnd Dtructural bDesceriptions

DLl Lization of advanced composites for approximately 50 percent off the total
shriucture Lo achieve minimum life-—cycle cost resutts in a high pereentage of graphitoe
cpory composltes for the following primary structural components: wing box, allerons,
fuse lage shell, empennage box strocturss, elevators, and rudder.  The design concepts
o Lheso structural components, deseribed in Lhe following paragraphs, are convor-
Lional and are essentialiy Lthe same For oall the airceaft configurations, passenger
and carro. Phe exaet materials distribation for coach component are listed in

Taby e 10.

SonLoll Wingr = The wing structure consints of a4 contor wing box, Inner wing box,

et wing box, leadings and trailing odees, and flaps, allerons and foirings.

3
¢

' f

Freimory Sux structure — She primary box stracture consists of the froot el orenre

B, ribo, e upper and lower corfres pancis, A typieal surfhee paneld SIS

Gospvdead ressemb iy o grapnd be—composito ok oL opraphito—composite Laperod hat—=coction
o ! s | I

cheirurers, ohene olips, blitanium embodbments, and titaniar spar caps. Portions of
Ll lomer=nnrlmec vl oare comovan Lo wo Pacl Uitate mojor inspection and roepeir

woel and would be manuCaebired s bonded assemblics of titaniom sheot wnd stiffeners,
Ut wimd spoers are constructed of sraphite-—composite honeyeomb webs and titanium
caps. A typlesdl rlb Lo n bonded assenmbly of prapuitbe—composite honeycont web,

prantl bo—conpos it cnga and rib=to=spar shear ollps. Access holes are providod in
bine co b of eaeh oriboweb,  Hibs whico are subject to coneentrated londs are pro-
videed with giffusion=bornded Litanium fitbings adhesively bonded to the composite

it onbecebiren. Phe spers are ponded assemblies off graphite—composibe honeycoms

wobo, titanimm caps, and diffusion-bonded titanium fittings. Ribs and surface panels

are o aluminum honeyeomb congstruction,
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'he tradling—edee structure located aft of Lhe rear spar on Lthe ouber wing is
constructed of aluminum=honeycomb surface pancls and ribo, wilth Citaniun ninge ool
actnatbor sapport fittings.  'The leading—edge ctructure 1o constructed of aluminwn—

bioreyeomt sk bone and alaninun Dntercostals and 1o supported by titaniwn riovs, which

aleo aorve to support the slat-drive mechonism,

S iy Ddge Slats = The leading edee olats are of abuninwl sheet and stiftoner

Hlon.

Sdme Piapn = The Lead i cdyne Tlaps are off aluminum shect and obi0=

sl lorons are connbrietbod of praphil e epoxy honeyeomb st e,
- e Unirimgss ere conobraetod of siuminun sheet and Cormers,

EUOE e by = T fuce ligme shruetigee Toe bades structural shella, chine lTongrer—

i

i, Pl e Plocr beanns, wain Droneo, bulkhemds, pressure bulkhend, nose-lunding-
gt benimey koo b owenmn, nand Lhee emponnegte moant Dogr plattorme A typilesl shell

e ba o boredesd ansemblty o piraphibo—cpoxy composite srins, sbringers, shesr
vl Ty cere ey Sreanen . Phiee chiine Potygmeronny are Llbanian esteisions i seryee
Do e e st ower secbionn ad preoyvide cdee members tor Blee fTloors

Pl e e e cnnenh bl en att jrpap b The—op

cottpos T he sliTne, ol

kl
sl ooy el Bitan b oredd boe o hee meine Uramesy owhiich provide Lo primory oot boochi-
e el Soe b w g el cmpevnrgte s wmann e bueed o F compoidnd conepeoat o=

pecinthorece b chienboam Porgn g . AT b lebeenuds e ot greaphite—opo compos T he booey =

Pl cons et ions The preesonre b lkieesd To concbeie sl as o sbi U ened bt te
ey oot cdene s e e Dol e pvonee ey e o preaphi be honeyeomn oot brue o,
Pt rene o b ion ot B e berme Ssaoports Liee nose Paned oy pronr Leinion cand deeys
B e e i et e Ueean sl oe=boreded Ll b, e Koo b e ree
nabenetod T e simi b omrnaeeer. A stenctaral poanel e abbached Lo the Tower o
cf bk o by Lnere prepers e horpbod ancenn e off peaphiibo composibo ki,
st aned rnhereoniacin and sorve Lo ocarey o portion of Lhie fuse bagne bendingn Loend
e bhe Poed i orene e The empernneyse mount oy plad torm i a0 bonded ansonbly

o b b s Lo honeyeonh web and diPfus Ton-bonded Litanium Totgmerons,

Yree oty b nare o consbruetbod o SO pereent cilumimue nnd 50 pereent

prerpni S ey st = b e e consbrue Lo,
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3.6.2.3 #mpennage - The structural arrangement described in this section is for the
tee tail condifuration of the cargo airplanes. The passenger alrplanes have o more
conventional empennage configuration and, therefore, differ somewhat in details;

"

however, the basic structural concepts and the materials usage are very much the

Samo.

The empennage structure is an all-Tlying horizontal stabi lizer pivoted at the
top of the vertical stabilizer, The vertical stabilizer structure consisto of the

structural box, hinge—-support beams, actuator-support fittings leading edge, flxed

3oy

1 s

trailing cdge, and the upper Tairing structure. The structural box is a bonded
assenmbly of surface panels, spars and ribs. The surface pancls are bonded assemblies

1

of praphite-composite sking, hat-section stringers, shear clips and titanium rein-
forcoments.  The spoars are constructed of graphite-—composite honeyeomb webs and
titanium spoe caps.  The ribs are bonded assemblies of graphite-composite noneycomb
woebn, graphite—composite cups, and shear clips.  The two hinge-support beams located
above Lhe box structure are mamifactured from dittrusion-bonded titanium and are
abtacned Lo Lhie box stracture with mechanical fasteners,  Replaceable titanium hinge
fitnings are bolted Lo the aft end of the beams.  The two beams are Joincd by web
and intoreostal members which are of gpraphite-—composite honeyceomb construction.

e aerisontal cnablilser actuator fittings are diffusion-bonded titanium and are
Ooliaal Lo b structural box.  The vertical stabilizer sccondary structure Is of

aluminan boneyeont constraction winh Litanium ritbings.

P chrucbure of bhe horizontal sbabilizer 1o shnitar io construction to the
vertionl stabilizcr except that the stabilizer steacture is fabricated in threeo

vty bl Lo fnoaned rignt Stabilizner boxes and o center box.

SUOL0Uh Heeed e = Thee newee ] be denien ie described in Paragraph 3.2.3. 0 Becent
Lovkhecd=Col i Porpia Company studies, performed under NABA contract (Reference 2H),
have shown bhe welght and cost savin, potential of design coneepts that integrate
seoush e suppression Lreastment into advanced composite structural arrangements.
There e, praphi to—cpoxy and pgraphite—-poly lmide advunced composites are ulilized
cxtensively in the inlet and the fan duct walls,  Where it is advantageous, and
where operating temperatinres do not exceed tne composite capabilities, the acoustic

+

Lpcntment 1o inbeprated into the honeyecomb sandwich structure.

Titanium 13 used in those areas Lhal are too not for the use of the graphitbo-

polyimide composites,
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3.6.2.5 Pylon - The primary structure consists of an upper main graphite-composite
box complex with a lower titanium box that attaches to the engine fore and aft mounts.
Waffle-shaped composite inboard and outboard main box skins are formed with titanium
beam caps and pylon-support fittings formed into the skins. The skins are formed

into the upper box by adding composite webs and stiffeners to the main beams.

The lower box is made of conventional titanium sheet and stiffener construction.
The dividing step face between the upper and lower box is also titanium to complete

the firewall along with the lower box.

The pylon leading-edge fairings are aluminum sheet and aluminum honeycomb,
which forms an electrical connection from the honeycomb nacelle nose cowl to the
wing leading edge. The fairings just under the wing arc composites. The falring

aft of the pylon main box is composite honeycomb.

3.6.0.6 Landing Gear - The landing gear structural members are titanium and epoxy-
graphite materials, High-strength alloy steels are used where dictated by environ-
mental conditions.

Wheels are designed to be fabricated by diffusion bonding titanium, permitiing
the attainment of the allowable stress levels of titanium by using multiple lumina-
tions.  This results in a more efficient utilization of material than is possible

in mecehanieal forgings.

95



SECTION b

PASSKHGER ATRCRANT

The passenger aircraft analyzed during the study are described in this section.

The paranectric analysis method which was employed is described, along with the basis

S estimating weiphts and costs Cor the alreralt.  The two T, fueled aireraft de-
2

cign ooncepts which were studied in some detall are then defined, alony with o Jet A

Pueled eonfizuration which served as a baseline, or point of reference, for compari-

som o with the nreterved LH, desipn.  The results of the comparison provide an evalua-

i ol bhe bonefits b be derived Crom using hvdrogen as the fuel for advanced de-—
£ . V

Lt opeosencer alreraft,

RIDR NG

Fhe pricserncer aiveratt missions require that a nominal poayioad of hon rnosencers

N AT R

ar:d 13,1930 Em (5000 n.mi) ot Moch nunmbers of 0,00

e e e TSR ke 1 000 naml)

“or the study are iisted In

)

ines establ

1

e} Lohied

D045 and 00900 The basice gud
Peddiler 1, Dection .

[ et define the vebdcle rogairenents Lhe following groamd rmides were

Ceprloed Detinitiome: The desirn paylond is detined as:

et . . . . .15,
PAYTOAD = Ho. PASSEHGEIY X 200 —= ¥ L.I¢(
{ VO TSGR ) TACT. L.10

T hier worde, an ol owanee of 91 Ky (200 I1ho. ) was made for each passenger plus

. . . \ 5 \
g additional 109 was aliowed for revenue carpgo.  For 400 passengers

ho Looa tobal payload of 39,900 ke (82,000 Ibs.).

P Yelnme: The careo voluame, which [o commensurate with today's wide-bodics,
i ol
- . S p - 3 ~or <
ssimen o baggtgre ol lowance o D0 LT m’ (5 7t ) ner pascsenger and a cargo density

! c2
GFO60 T m ) 010 Ths/Tt7) . The total carpgo volume for 400 passengers amounts to
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about 134 m3 {(h7h3 ft.B) with 127 m3 (L1k3 ft.3) in containers and an allowance of

3 3>

17 m” (600 Tt. for loose cargo.

Passenger Accommodations: A mix of 10 percent first class to 90 percent coach

passengers with a seat spacing of 0.965 m (38 in.) for first class and 0.86 m (3 in.)

for coach was used.

Fuel Volume: The fuel volume was defined as that reguired to holid the block
plus reserve fuel at the design range. No allowance was made fTor off=loading of

pay load tor fuel.

Pertformance Constraints: In addition to the field length specified in the basic

guldelines of the study {(Table 1), two other critical performance constraints were
imposed so that an equitable basis would exist Tor selection of preferred aircraft
designs amongs the hundreds that would be parametrically generated.
e in initial minimum cruise sltitude of 10,350 m (34,000 ft.) was established
as compatible with current passenger airecra®™ and ATC practice. The effect
o di‘terent altitudes on gross weight and DDC for a typical airceraft in
this study is shown in Migure g,
e N tanding approach speed off 6.4 m/s (135 FWAS) was selected {or reasons

discussed in taragraph 9.3.2.35.

Matrix ol Variablen: The matrixz of variables evaluated during this study;

. . . . . . . e -
minsion, confiruration, gecmetry and performance, are grouped in Mipure 6. The

qotusl number of discrete parametric, airplane desipns generated amounts to 3580

t oalew nelection »f optimun airera®t depending on the ceriteria chosen.

Selection Criterin: The selection eriteria used in choesing aireraft from the

array of parametric results, in order nf decreasing importance, are:
e Direct Operating Cost. (HOC)
e ‘lock Tuel welight.
e /drplane price.
e (iross welgiht.

As discussed in Section b.h.1, the ordering of these selection criteria is
important bhecause different alrcraft would be selected depending on the criteria

applied.
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OTHER COMMENTS

REJECT BECAUSE OF
PASSENGER PROXIMITY
TO FUEL

REJECT EXCESSIVE TRIM
— DRAG DUE TO FWD C.G.
& TAIL DWN. LOAD

REJECT - - TECHNICAL RISK HIGH FOR

SLIGHT ADVANTAGE IN PASSENGER THESE TWO CONFIGURATIONS
— SAFETY COMPARED TO NO. Il C. G. SELECTED FOR PARAMETRIC
TRAVEL (LOADABILITY) LIMITED EVALUATION AND DESIGN
BY CANARD SIZE. STUDY
TANKS COULD BE

REMOVED EASILY

PASSENGERS REJECT - NO APPARENT ADVANTAGE

SUBJECTED TO
TRANSITORY 6 OVER ABOVE CONFIGURATION

LOAQS IN TURNS

REJECT - POOR L/D, LARGE WETTED
AREA, HIGH STRUCT. WT.

MACH NO. LIMITED

TO ~ .75

FOR REASONABLE REJECT - WILL NOT MEET M.9

T/C & SWEEP CRUISE WITH REASONABLE
¢ WING SHIELDING T/C &/0OR SWEEP

GOOD FOR NOISE

REDUCTION

Figure L47. cCandidate Passenger Aircraft
Configurations
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1. 2.
CRITERIA PASSENGER SAFETY STRUCTURE/TANKAGE AE
» CRASH FEASIBILITY i
CONFIGURATION : ngxgn:é” o PE
CONCEPTS e FL
i
o MAX. PASS. EXPOSURE TO
FUEL IN EVENT OF LEAKAGE| « LIMITED TO NON-INTEGRAL o L/D
am , OR CRASH TANKAGE LAT
&0, . griggENCVEEX;TSIN ZONE | o TANKS MUST BE REMOVED o CG.
BABLE SPILL &/0OR F
FUEL PARALLEL & ADJACENT FIRE FOR REPAIR No
TO PASSENGERS
"
o /
w e L/D
S:J e EXPOSED TO FUEL ON o TANKS CAN BE INTEGRAL
< ENDS ONLY OR NON.INTEGRAL P
w
w
)
W
= oa L/D - 1
4 ool o o EXPOSED ON AFT SIDE LARGE
Wl oy e ..-7;.\'( ONLY o TANKS CAN BE INTEGRAL @ FWD
e "\‘FT' -FUEL SPILL BEHIND ON ORNON-INTEGRAL
- N SURVIVABLE CRASH
N
\ CG TR,
ALLFUELAFT  \\
v ) L
7=
) CANAI
4 o SAME AS ABOVE » SAME AS ABOVE BY FW
DIREC
FWO CANARD/WING
ALL FUEL & PROP. AFT
v
o MAX.SEPARATION . INAT”E"GS INTEG. OR NON- L/D =1
BEST FROMSAFETY & ] CG/ST
a * PROXIMITY o STRUCT. PENALTY FOR
(@) WING FLUTT
Q.
z TWIN PODDED
— | V! sinGLE
5 DECK
. L/D
e . o TANKS INTEG. OR NON .
INTEG. s FLU
CENTRAL
PODDED
Vi o OIFFICULT TANK INTEGRA.
TION. REQUIRES BI-FUR-
LATED APPROACH /0
AIRFOIL o PASS. ADJACENT TO FUEL oL
1G] SECT IN MID-FUSELAGE @ o {HIC
2 LO
s
> INBOARD FUEL
AL
uDJ ® L
L o PASS. ADJACENT TO » SAME AS ABOVE o N
FUEL AT ENDS ONLY A
FLYING WING




l,3  PARAIMETRIC ANALYSIS METHOD

The focal point for the technology data generated as described in Sectinn 3 is
the ABSKT {Advanced System Synthesis and Evaluation Technique) synthesis model .
This model is designed to size, welgh, perform, and cost larvge nunmbers of aircraft
design options parametrically. The synthesis cycle required to size the vehicle

(S e

for wiven payioad/mission reguirements is accomplished within ASBET by intepgrating

danta deseribing vehicle genmetry, aerodynamics, propulsion, structures rials/
welphta, and cost. A schematic presentation of the inputs and outputs invoived in

[
g

i

‘ TR Il

the synthesis cyvele is shown on Figure . The key elements and thne fiow of infor-

mat lon Lirearh ABDHT are depicted on FPieure WO

Che three mejor subprogeams in ASSET are sizing, performance, and costing.
The Siv i sabprogram sizes cuch parametric aireraft to the design mission.  ‘lThe
deain characteristicn and component welgshts of the sized alreraft are then trans-

Ceppred e (1) the (ootinge subprogram, which compuates aireratt cost on the busis of

\

omponent weirhts and materinls, enrine cyeie and sine, avionics packagres, produc-
Clon ared cmerational schedulen, and input cost ffactors, and {2) the Performance
Subpe srean which computon ceeeloration, maxinum speod, ceiling, landing and takeoff
fiatoaneen, and cbner pertormmnee paraweters,  The ASDET program output econsicts of
e wed el ntatomenty vehicle preometry descerintiong mission prodile sumnary; a
ey ol bhe o vehicle's pertormanee evainatlons BTN, prodaetion, aml operationgl
oot beenlibowns Por ooch coatedidate vehie e and cwamaries ot these detoe for the
these welght, cost, aise and performance

=

Droraare e e At o be adbomntically plotted on A0 mmomiersrUilm fror whiceh hoord

Chiee Ui doto frons e AN eans s presented In bobh tabulated and ante-
plotted crpet format.  Floure 50 s an exanple of an aut maticnl ly plotted curpet
plot, comonlete with three sample constralnt lines, From a series of workinge level

datop ot peesentations bhe fingl vehicle charaschberistics desired such as grous

welehit, oo, ramngte, olbe. can be selected, Appendix B includes a sample o3 the
B bl > ' b

iree nded n the schematic of Figure 19 is an optional capability to caleulate
et noioe, fneorporated in the AGSET program.  The caleulation method io bused on
Aeroornce ntormation Report Ho. 8760 When parametric variations are made Lo thrust,

T
i

Wity loantings and any other performance and/or aireraft characteristics, different
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GROSS WT, DOC, PRICE, OR BLOCK FUEL

AR =8 t/c = 10%
THRUST

WEIGHT\

38

EACH INTERSECTION IS A
\ 488 COMPLETELY GENERATED
(100) AIRCRAFT
DESIGN
34 l
.

J INITIAL CRUISE
{ ALT = 10,360 m

WING LOADING
kg/m2 (LBS/FT2)

708
(145)

F.A.R. T.O. FIELD
LENGTH = 2440 m

(8000 FT)

“’

' (34,000 FT)
AIRPLANE SELECTED TO LANDING
MEET ALL CONSTRAINTS APPROACH
SPEED = 69.4 m/s
(135 KEAS)

Figure 50. Example - Parametric Data Autoplot
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takeoff flight profiles are effected which results in a change in the noise foot-

print. The inputs required are:

e Fngine exhaust characteristics such as; velocity, density and area for each

exhaust stream, i.e., core engine or fan duct.
e The engine exhaust noise directivity profile.

e The number of microphones and their location relative to the point of brake

release,
e [xhaust noise suppressor effectiveness.
e Aircraft characteristics.

During takeoff both the flyover 6,48 km ((3.5 n.mi.) from brake release) and
peak sideiine 0.648 km ((0.35 n.mi.) from runway centerline) noise levels are com-
puted, the greater of which is the eritical noise level. At each micropheone loca-—
tion noise ca culations are made at hal? second intervals to build up a noise history
for use in computing the duration correction factor. This correction factor is
added Lo the tone corrected perceived noise level and results in the effective per-
ceived noise evel (RPNI) which is the noise evaluation quantity. This methnd ot
predicting nolse generated, is applicable to both conventional turbojet and turbofan
enirines.  The noise caleulation described does not inelude {an, compressor, machinery,

combustion or aerodynamic noise which are treated In a separate analysis described

4.3.1 Welpht Input Basis

Comventionally tueled (Jet A), subsonic passenger transport welght estimating
equations were modified to account for features required by LH, fuel. These features
s

are described as followg:

Wineg — locating the LH, tanks on over-the-wing pylons causes a 10 percent in-
— «
crengse in wing weight due to the high loads experienced when landing with nearly

full tanks.

Body - Modifled to account for the large volume, low density LH, when carried

inside the fuselare and a 6 percent increase in body welght for the double-~deck tloor.

Tanks and Fuel Oystem - The LH, tankage and fuel system installation is based
on the design concept described in Section 3.1. TPFor external wing-mounted tanks,

the tank and pylon weight is 26.93 percent of the contained LH, weight while
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~ weight is

insulation is 11.63 percent of the LH, weight. Unusable and boll-off LH

no

2.56 percent of the maximum L112 weight for all tank arrangements. Fuel system weight
is approximately 80 percent greater than for a comparably-sized Jet A fueled air-
plane. This provides for larger line sizes and insulation. For the internal tunk
contigurations, the weight increment for tanks, thermal protection and installation
is approximately 29 percent of the contained fuel weight for both integral and non-

integral tanks.

Propulsion = The LH, fueled turbofan engine weirht is scaled from a baseline
—_—— -
enrine with 156 k 0 (35,000 pounds) of SL8 thrust which weighs 2430 ke (5,380 pounds)

) ) S : - Y s ) N g s .
beare and 32100 ke (6,305 pounds) instalied including:
e fccessories and Nearbox

e [livunting and Dplitter Yairing

f

e us fenerstor Cowl and Tail Pipe
e Iun Lt Acoustic Ring

Inetal led enpine welpht per aireratt is expressed in poundds as:

Wi = (0010557 Mg (0157 35, 000) 0T 15,000

it = el menber o enrines
Tt o= Trebat lend e Level Statde CTheust/Poe,

W booand ny Loy welsrhit per airverafty before Incorporating wlvanced composites,

Pooegqee L ae addithonnd S (.87 percent, of the installed enpine weight. On the

S b o, Lhe alr oinlets are 14,68 perecent of enprine weight. The remaining pro-

]

il ihens incliudinge thrast reversers, onpine controis, starting system and
b] E k] o k] L «

)

o sayebom welsh o approximately 1LY percent off the installed engine weight. 'Total

vroapuudon welisht, e ladinge LH L tanks and fuel syotem, is thereifore cxpressed as:

WETOT = 1 L6005 WG

L. Advaneed Composites — Welght reduction coetflicients were applled to the

resul ting equations to acemumt for the advanced reinforced composites expected in

the 10U0=1095 100 time perind. These weight reduction coefficlents were taken from
1
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the (telac Advanced Technology Transport Study (Reference 10) and are based on the
recommended intermediate technology as discussed in Section 3.5.1. Table 10 1lists
the weight reduction coefficients along with the estimated materials distribution

for each structural group and surface controls.

4.3.2 Cost Methods and Factors

The costs for the liquid hydrogen subsonic airplanes and the Jet A reference
airplanes were produced through a series of subroutines in the ASSET Program. The

subroutines provide estimates for the Development, Production and Operations costs.

The development cost estimates were based on 1973 dollars but considered a 1985
technology base for the development of the alrframe, engines and subsystems. Applied
research on liquid hydrogen application to aircraft design and operations was con-

sidered accomplished prior to the start of development of the IH, aircraft.

The production cost model estimates the production cost tor the airframe,
engines, avionics, and spares. The productlon cost estbimate {or the airframe 1is
produced through the assignment of labor hours and material dollars for the various
components of the airframe. The values for the labor hours and material dollars are
dependent upon the material type, the type of component, and the complexity of shape

and ascenhbiy,

TABLE 10,  ADVANCED TRECHNOLOGY WiIGHT REDUCTLON CORFFICIENTS
AND BSTTIMATED MATERIALS DISTRLIRUTION

I i,
W MATKRTALS DISTRIBUTTION (% OF TOTAL WT.)
JURUCT . GROUP CORE, ALUM. TT. STERL COMPOS. OTHER
Wir- 0.635 g L e L8 2
Teadil 0.730 49 1.5 2 32 2
Hedy 0.664 38 h ] 50 6
Landing fGenr 0.848 8 15 20 20 37
Necelles, pylon 0.787 5 30 30 35 0
Air Ind. 0.(87 b5 5 I b1 5
Snurface Controls 0.950 20 5 20 5 50
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The operations cost is the Direct Operating Cost (DOC) as calculated by the

method, see Rasic Guidelines, Table 1.

.. 1 Development - The development cost subroutine consists of' a series of
AR el

e ey

cost estimating relationships for the following items:
e Desisn Fngineering
e Developwent Tooling
e ‘evelopment Test Articles
e ['lirht Test
e perint Bupport quipment
e ''ecknicnl Datn
e lnrine bevelopment

° rites Development

(e deve [oprient cost ontimates for the LH, siubpvnie aivplane and the Jet A

¢

perorence sl eplane aoed the L=1001T experience on the bacls ror extrapolation.  'The
devge Lovpent cost preded wan el ibrated to L=101] cxperience Por the Jdel A reference
ieplane cund then sdinsted Sor o the sdded development required for the HMauid hydeo-
ol sy abon. e primary shene e grrancement. o the LH, ajrplane 1o similor to

bhe T= 10D anet sl justments are only regquired o the addition o bhe tankigte, g,

Db, and ecnbecbs o bhe B syoiem, Adyicbment s were alas maude to the de-

i

¢

o cprenh D tbenss b et e bhe cdded desirn, Lestine, and 1iht test fuel casts,

Choecud jnonmento Lhnt were peade Lo the development cateporics are shown in Tabile 1.

celopment conth wan anortized over the entire produetion run of 350

Glrerart s wes nadded to the adrerart production cost, Including protit, to arrive

o bhe bobal aireeatt price,

Wyine development. 1o ineluded in the total price of Lhe encine along with
pee i cend cneine warrnnty . The breanlont of the enrine RED Trom the total price of

e oreine 1o stiedn i Taole 10 Prine price and engrine KeaD are shown for a vangse

S oencine Lhrant Cevelo.
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TABLE 11.

DEVELOPMENT COST FACTORS

JET A
REFERENCE LHo
ATRPLANE ATRPLANE
Maximum Design Mach Number 0.85 0.80, 0.85,
0.90

dumber of Airceraft in Flight Test 6.0 6.0

Commplexity Factor for Engineering 1.0 1.15

Complexity Factor for 1.0 1.10

Complexity Fuctor tfor Flight Test 1.0 1.05

roduction Rate tor Development 1.0 1.0

e M)

TARLE 12. ENGINE PRICK AND R&D COST
SUBSONLC LH, ATRCRAFT

Thrust Lo

i 85,000 110,500 133,500 155,500 178,000

(1LE) (20,000) (25,000) (30,000) (35,000) (L0,000)
Brgmine R&D 350.57 11,86 570,00 525.11 5(8.26
(d Mitlions)
bngine Price {§) 6,103 6l 180 898,96 1,031,360 1,161,468
(Including Profit)
Engeine R&D () L2086 205,928 235,000 262,555 289,129

Aot ivat ion®

Dotal Price/kngine ($)

29 970,108

1,133,964

1,293,915

1,450,597

¥osed on 2000 engines.
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L.3.2.1 TInvestment - The investment cost for the subsonic LH, airplane includes
«

the production cost for the airframe, engine, avionics, alrcraft spares, production
toonting, sustaining engineering, quality assurance, and technical data. Operator

and maintenance trainers are not included. The number of trainers required is nor-
mally setermined through a complete analysis of airline requirements and policy as
4o training concepts. However, such an analysis was beyond the scope of this study

and their costo are not included. The cost factors associated with the production

(V8]

coot or the aireraft and spares are shown in Table 1

s

The productlon cost model is illustrated in Figure 51. The cost modet obtains
A LT

the weighte for the various components ot the airplane trem the ASSET Program. 'The

.

weilsht o each component is subdivided into weishts by material types. The proner

Cabor henrs and materis) eost factors are applied to each component Tor each naterial
tyne, and wnrregated to determine the airframe cost, Sizing and learning curve
Cactors are apptled to the Lotal alrframe cost to determine the proper cost at the
v tlon quant ity stipulated., The cost, Cor sustaining engineering, production

toodl g, nte., are doternmined ard adided te the airframe cogt.  The costs for engine

dre awionles are oo oadded b the alrfeame cont Lo produce the total manutacturing

Tas L. [HV RSN o PALTTORS

JHA
R BT, L
ATRELANE ATIRPLANE
Pt Do o b by
S RN 55U +50
Mrecine (doel. spares) 1,060 1,960
onrnln Hurve Slopes (6
Preiteein

Lot Ho 50

Mot ool ge 96

A donies 100 10O

ol len st OF per anit) 500,000 500,000
Frecine Preoddietion complexity 1.0 Lo
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coot for the airplane. Warranty, Insurance, taxes and profit are included to deter-

mine the tlyaway price without the prorata share of the development cost.

The relative sale price between representative liquid hydroren and Jet A-

o

tueled airplanes derived in thils study and that of current, jet transyorts is 11lus-

trated in Wigure 52 The plot is in terms ot sales price versus operating empty

weloht (00%) with $he dollars por unit of empty weigsht also noted.  The sales price

o NPT Y . ch - L
3k (P65 10y and $31857k

Po egrrent Leanoports appenrs to fall between o
O wherens the estinate tor the advanced desim [AH,TJ wirplane 15 Eoh0 Sy (&0 1b).
e navinced decisn Cel A oaicplane 1o oectimabed oo rost 50287k (8108/1k). The
e priees o Lle current jet airerart mow In prodoetion are din 1973 prices in
Crvicr b be coneistent with the 1973 dodlar price for the | Pquid hydrogen alrpiane.

(e oot or the WL nleplane shown is for the 5560 km (3000 nami) Mach 0.89 version,

e

qthe et Lhie PO, a0 ke £5500 L) Mach 0,85 airplane s very olose to the sane

veeioee T et o b T per it o ermbty owelpshihy oo, B Sy Frvisin).
U et o Dost = The PG AT eoqund ions were med Tor detorminings Lhe
Gieos oprernniogs ent. The basie Inpnt ranetors aned for colenlatloan ot the Dol are
Pleswdry e,
}‘ ‘i."_",“ ey
[t bovpren, Do e o b S8R0 our
e R RS o
: L o= b Conhe s o H‘lt"]‘iz LA )
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vatic (t/¢) om DOC, mross weight, block fuel and airplane price for the Mach 0,85,
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4.4.2 Configuration Description

A general arrangement drawing of the internal tank, M 0.85, 10,190 km (5500 n.mi)
00 passenger aircraft is shown in Figure 55. Externally, the aircraft 1s entirely
conventional in appearance. Internally, it is quite different. The passenger com-
partment 1is located in the central section of the fuselage in a double deck arrange-
ment. Liguid hydrogen fuel tanks are located fore and aft of the passenger compart-
ment. They occupy the full available cross section of the fuselage, except for
provision for protective, crushable structure around the bottom areas. No provision
was made for a passageway through or around the forward tank to permit movement be-
tween flight station and passengers, although such access could reasonably be afforded.
Consultation with several airline representatives on the subject failed to reveal
any strong requirement for such access; however, it is felt this subject requires
further study to determine whetbher flight safety and/or passenger welfare demands
the physicai presence of a member of the aircraft flight crew in the passenger com-
partment. In the absence of such evidence the design was shown without such provi-
sion, and accordingly, the flight station was provided with special lavatory and

ralley facilities.

Passenger accommodations are shown in Figure 56 which shows the 10/90 percent
c1ass mix and seut spacing of 0.965 m (38 in.) and 0.86 m (34 in.) respectively, for
fipst eclass and coach. In keeping with the requirements of FAR 25 and current wide-
body standards, the arrangement includes adequate doors, lavatory and galley facili-

fies. Stairwells at each end of the cabin allow access to either deck in tlight.

All cargo is contained in the pressurized fuselage, below the lower deck which
3 %)

has space for thirteen cargo containers plus an additional 17 m” (600 £t for loose

cargo.  Further Jetails of the design are discussed below.

Wing: The wing configuration is shown in Figure 57 for a Mach 0.85 wing with

4 uweep angle of %50. (subsequent studies reduced this to %OO). The high 1ift de-
vices ineclude 15 percent leading edge slats and 35 percent double-slotted flaps
where shown., Opolilers are used in flight, for direct 1ift control, and for landing

ground run deceleration. Conventional ailerons are fitted outboard of the flaps.

Landing Gear: The main gear consists of two L-wheel bogies mounted aft of the

rear spur. They retract inward into thwe. fuselage. The space between the retracted

gear contains the hydraulic service center.
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Hydrogen Tank and Systems: The hydrogen tank structural concept selected for

purposes of this study is the integral type described in Section 3.1.2. All aircraft
structural loads in addition to the fuel dynamic and pressure loads are taken by

the tank shell. Loads are transferred from the vehicle structure to the tank ends

by low heat-leak boron reinforced fiberglass tubes arranged in an interconnect truss
structure. As described in Section 3.1.3, six inches of closed-cell plastic foam
insulation, e.g., Rohacell 418 (see Table 8) covers the tank. This is then wrapped
by a vapor shield (Kapton) which is to prevent cryopumping in event a crack develops
in the foam insulation. A fiberglass or composite layer covers the entire tank

section to provide protection from physical damage.

The tank is thus generally protected from mechanical damage by the foam insula-
tion and its fiberglass cover. Further special protection from both foreign object
damage and damage from maneuvers such as overrotation or tail scrape is provided on
the bottom of the tank as shown in Figure 58. An energy absorbing, aluminum honey-
comb structure is supported from the tank bottom. In this manner protection is also

provided for plumbing or other aircraft systems routed adjacent to the tank.

The tank and mounting is designed for both inflight structural and fatigue
loads (fail safe considerations) and to withstand the emergency crash load require-

ments of FAR 25 with a full fuel load.

h,i,3 Vehicle Data

Pertinent vehicle data for the 5560 km {3000 n.mi.) internal tank aircraft is
shown in Table 15 for the cruise Mach numbers of 0.80, .85 and 0.90. Similar data
for the 10,190 km (5500 n.mi.) version is shown in Table 16. Significant trends of
selection criteria with Mach number are shown in Figure 59 for both ranges. DOC,
block fuel, price and gross weight all increase with higher cruise speeds with an
attendant reduction in block time of 1.2 hours for the 10,190 km {5500 n.mi.) range,

and 0.7 hours for the 5560 km (3000 n.mi.) range.

b k3.1 Alrcraft Cost Summaries — Table 17 presents cost summaries for the Mach 0.85

LH2 internal tank airplanes. The engine R&D is shown separately in this summary
table although it is included in the price of the engine in the aircraft sizing pro-
gram (ASSET). The Avionics is considered as off-the-shelf and R&D and price reduc-
tion with quantity is not considered. The "Airframe Manufacturing Cost" includes
the Tabrication and assembly of the aircraft structure and subsystems including the

installation of the systems, avionics and engines. The "other Airframe Cost" inecl
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TABLE 17. COST SUMMARY: LH, INTERNAL TANK AIRCRAFT, MACH 0.85
6
CcOSTS IN $10
RANGE 5560 km 10,190 km
Development

Airframe $ 590.5h 5 66947
Engine 412,00 45),95

Avionics - -
Total $1,002, 5k $1,12h.42

Production

Airframe Manufacturing Cost

Other Airframe Cost
Sustaining Engineering
Tool Maintenance
Guality Assurance
Miccellaneous
Profit
Warranty

nprine

Avionles
Subtotal

R&D per Alrcraft®

Total Aircraft Price

<

11.31

I 21.08

<>
no
)
\1
O

R=Fa
[
ro
\D
co

$ 26.91

¥pased on 350 aircraft and 2000 engines

136




those costs which are in support of the manufacturing process and warranty and profit.

™e purchace o 'nr the engine and avionics includes warranty and protit.  The R&D
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10,190 km (5500 n.mi.) range aircraft. The DOC's presented for each of the candi-

date airplanes used in the parametric analysis are based on an annual utilization

of 3285 hours regardless of range. The final evaluation of the selected airplanes

is based on a utilization of 3600 hours for the 5560 km (3000 n.mi.) airplane and

4000 hours for the 10,190 km (5500 n.mi.) airplane. These two utilizations predi-
cate different structural lives for a constant depreciation period (15 years). Since
the longer range airplane has fewer takeoff and landings it 1s reasonable to assume
that its structural life could be extended over that for the shorter range airplane.
The DOC's based on the utilizations of 3600 and 4000 hours for the 5560 km (3000 n.mi.)

and 10,190 kr (5500 n.mi.) ranges, respectively, are shown in the final comparison

in Section n.8.

h.5 EXTERNAL TANK HYDROGEN AIRCRART

4.5.1 Parametric Study Results

The rationale of degign selection described in Section “Woho1 for the internal
tank aircraft was also ucsed {or the external tank version. Figure 60 shows the
efrect of wing thickness ratio on the selection criteria for the longer range mis—
sion. A 10% thickness was chosen. The eftfect of aspect ratio is examined in Fig-
nre 61. As with the internal tank aireraft, the choice of selection criteria
(price, bloek fuel, gross weight, or DOCY results in different aireratt. The final
selection was on the basis of minimim DOC and resulted in an aspect ratio ot 8.
Similar dats was generated and vehicles selected or the other Mach numbers of 0.80
and 0.90, as well as for each Mach number of the 5560 km (3000 n.mi.) aireraft.
Based on these data, preferred designs of external tank LI _-fueled aircraft were

2

derived. The results are presented in Paragraph 1.5.3.

h.o5.2 Configuration Description

The most striking feature of the external tank aireraft design shown in Fig-
nre 62 is of ecourse the large wing-mounted tanks. Their physical size prevents
mounting below the wing. To minimize drag the tank is supported on a pylon with a
heivht of approximately 1/3 the tank diameter. The tank is of intepgral construction
covered with 6" of closed-cell plastic foam insulation protected by an external
fiberglass reinforced composite cover. Figure 63 is a preliminary design layout

showing a feasible structural arrangement concept of the tank and supporting pylon.
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5 10 5
SCALE -METERS

o

— SCALE -INCHES

3 T 0 100 200 400 600

R L 0o I0 20 30 40 50
SCALE-FEET

CHARACTERISTICS [ WING | HORIZ.| VERT.

r584(230IN.) AREA . (SQ.M)] 3382 ] 672 | 360
ASPECT RATIO 80 | 40 | 16
SPAN (m)] 520 | 1640 | 759
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_MRATIQ _ 04 0.4 04
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SWEEP (RADJ] 52 | &I 6l
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[ TA TIP @] 10 8 8

ENGINE THRUST - 172405 NEWTONS
GROSS WEIGHT - 198,110 KG.
RANGE - 10,192 KM.

CARGO VOLUME - TOTAL- 116.88 CU.METERS

CL I37-5-1

CHARACTERISTI WING | HOR1Z| VERT
AREA (SQ FT)| 3640 | 723 | 387

ASPECT RATIO 8.0 40 | 16 |
SPAN (FD] 1706 | 53.8] 24.9

ROOT CHORD (IN)] 366 | 230.5] 266

TIP_ CHORD _ (IN)] 146 | 92.1 [ 106.5

| TAPER RATIO 1 04 | 04 | 04 |
[Mac (N 272 | 170 | 1975
SWEEP _ _ (DEG)] 30 3s | 35
| T/C_ROOT (% o | 1o ] 1o
TA TIP [¢ 10 8 8

ENGINE THRUST- 38,7601 BS
GROSS WEIGHT- 436,750 LBS
RANGE 5500 N.M.

. ——- 2946 (1160 IN) -

PASSENGERS - TOTAL-400-10%-30% MiX
CARGO VOLUME -TOTAL -4130 CU. FT.

e e 2921 {1150 IN) -

BULK CARGO 12.76 CU.METERS
(451 CU.FT)

ARGO COMPARTMENT REAR CARGO COMPARTMENT
39 CU.METERS EA. 7 BINS-7.39 CU. METERS EA.
51 CU.FT) (261CUFT)

2 LINEAR DIMENSIONS IN METERS (FT.or IN.)

14.20 ANGLES IN RADIANS (DEGREES)
(56.6 FT) | DIMENSIONS IN 51 (ENGLISH) UNITS
NOTE :

CENTER ("1 ) wLO

5(72.67 FT.)
— —  BOO5(I97FT.)

Figure 62. General Arrangement - LHp Fuel,
External Tank, M 0.85 Transport
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The fuselage of this aircraft has been reduced in size compared to the internal
tank version. ©Six abreast seating in a double deck arrangement is provided in a
10/90 percent class mix for the 400 passengers. Cargo volume, lavatory and galley

facilities are equivalent to those on the internal tank aircraft.

The tank arrangement of this aircraft simplifies the fule system arrangement
since cnly one engine crossfeed line and refuel line are carried across the aircraft

fuselage in the wing box.
,5.3 Vehicle Data

Design and performance data for the selected configuration of the 5560 km (3000
n.mi.) range external tank aircraft are shown in Table 19 for the cruise Mach numbers
of 0.80, 0.85 and 0.90. Similar data for the 10,190 km (5500 n.mi.) version are shown
in Table 292. Conies ol pertinant pages of the ASSET computer printouts of these two
aircraft are included in Appendix D. Significant trends of selection criteria with
Mach number are shown in IMegure 64 for both ranges. boC, block fuel, price and
gross welght all increase with higher cruise speeds with an attendant reduction of
1.2 hours in block time for the longer range mission and 0.7 of an hour for the
5500 km range. Comparisons of the external tank aircraflt designs with corresponding

internal tank configurations are presented in Section ).7.

I o ey~ Table UV opresents the developrment and preoadaiceton contbo for
Db fhesp o0 B sdeplanes with oxbornng Sankoe The hichers costo g Lhe exteorngl
ol ot ioneab bon oo Lhe dnternal Lank ocontieurat ion o dae o Lhe anlded strine-
e s Sadinagre we Lohh neecensary Yo Lhe extbernnl Inoba Iation. The eost per

Bt empeegn o persh i enply welsht for o dhe external confimration (pohn ke i

Slicntly olrher toong Uop Lhe internni Lank contipneation but the prinary reason Cor

bt drerease b ocost of the alrplane s the Incroase Ln stroctural weigsht.,

Tt tpernd ine Coot TDhO0) = Malie 20 shows Lhe D00 breoskdown for fLhe

L .
ever Tiost eternee ] bk BE aiieplones Porobothopraogres,
N Pl PASIH R AT RCEART GO TGURAT TON SR LT IO
T bide cochion the twe L feted pascenper Gransport aitreratt contfigurations

which heiye been desccibed are compoared,  The enndidate deasigns are depicted in
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TABILE 21. COST SUMMARY: LH,, EXTERNAL TANK AIRCRAFT, MACH 0.85

st

310

6

RANGE 60 km 10,190 lm
leve [ooment,
flrTrame $ 659.00 3 805,82

Fnrine

Avionles

-

Produaetion
Al rtrrame Manntacturing Cost $

Othier Alrframe Coot
Sustainioe Bngineering,
ol Maintenanee

sl Thy Aoonrancee

Total $1,103

62

4,00

NSEAA 1,3 .83

Jarrant il .90

e 1.60 .50
footoie OO0 .50
dote ot $ 1 & 06,80

Fiel v Airepaitt® e BRI
Yot Adreratt rice $ 06 i 30,25

e o 450 aireradt o and 20ND0 enpines
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TABLE 22. DIRECT OPERATING COSTS: LH, EXTERNAL TANK
ATRCRAFT, MACH 0.85 2
RANGE 5,560 km 10,190 km
UNITS $/%km $/n mi $/¥an $/n mi
Crew 0.233 0.432 0.232 0.430
Maintenance
Airframe Labor¥ 0.1u42 0.263 0.137 0.25h
Engine Labor¥* 0.071 0.131 0.076 0.141
Airframe Material 0.071 0.131 0.075 0.138
Engine Material 0.087 0.161 0.099 0.184
Fuel and 01il 0.973 1.803 1.112 2,060
Insurance 0.179 0.333 0.212 0.392
Depreciation 0.692 1.282 0.816 1.512
Total D0OC 2,448 %.536 2.759 5.117
¢ ¢ ¢ ¢
Total Unit DOC seat km seat n mi seat knm seat n mi
0.612 1.134 0.690 1.278
¥Ineluding burden

Figure 65. One is selected for further analysis and later comparison with the

reference Jet A designs. The characteristics which are compared as bases for the
selection include operatinnal and maintenance features and safety potential, as well

an the customary qualities of welght, size, energy consumption, and cost.

6.1

Operations and Maintenance Comparison

In order to properly assess the relative merits of the candidate LHg—fueled
aircraft designs, it was necessary to first consider how such aircraft might be
handled in typical routine operational situations. TFor example, how would refueling
be accomplished, what type of service equipment and procedures might be used, and
what unique servicing requirements might exist which would influence the choice

bhetween the candidate aircraft configurations.
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First, considering the refueling operation, a conceptually feasible arrangement
for an airport fueling facility is shown in Figure 66. As mentioned in Section 3.1,
it is assumed that initially, because of existing quantity/distance relationships,
such a facility might be located perhaps 548 m (1800 ft) from the passenger terminal.
The sequence of operations involved in readying an aircraft for flight is also
described briefly in Section 3.1. Equipment to perform the various refueling func-

tions is conceptually described in following paragraphs.

As illustrated in Figure G6, an airport fueling facility would include a
liquefaction plant, cryogenically insulated storage tanks to contain the LH2 fuel
and the liquid nitrogen for cooling and purging, and associated equipment. Power
requirements for this egquipment could be supplied at least in part by boil-off hydro-
gen gas. The fueling pipe loop allows continual circulation of LHQ. The loop need
not be circular of course, it can be of any configuration to suit the airport geome-
try. During the aircraft tank warm-up or cool-down periods, as well as during re-
fueling, vent gases can be captured and recirculated to the ligquefaction plant or
to use in ground power stations. Other utilities, gaseous hydrogen, nitrogen,
electricity, and water, parallel the above-ground LH2 lines. A defueling area would
permit rapid defueling of LH2 aircraft if required. The fueling towers are unique

and are discussed in paragraphs that follow.

It seems apparent that the safest and most logical fueling point locations for
the LH? aireraft would be high and away from the passenger and flight stations.
For exémple, for the Tnternal Tank aircraft the fueling connection could be high on
the tail cone or in the vertical stabilizer tip, thereby negating leak and spill
hazards by allowing escaped gases to float well above the aircraft and ground per-
sonnel. The possibility of accidental ignition of the gas at this height (approxi-
mately 60 feet above ground level) would be minimal and if it did occur, would pose
no sericus hazard to persconnel or damage to the aireraft. TFurther, fueling at this
point would allow normal activity in and around the aircraft during the fueling

operation. The height does réguire that special equipment be used, which leads to

the fueling tower concept.

The fueling tower concept provides many desirable features for LH2 airceraft
fueling. Fuel would be passed into the aircraft by a guided boom similar to those

used in air—to-air fueling. The boom would incorporate the following features:
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e Sequenced operations

e Positive aircraft grounding

e Tire and leak detection systems

e Jelf-checking and redundant controls

e Oelf-purging

e Dual flow capability - LH2 in and GH2 out

e Automatic flow shutdown and deluge immediately upon leak or {lame detection

e Directable water nozzles

These capabilities, plus locating the refueling connection high on the airplane

and at one of the extremities, should eliminate many concerns over LHP fueling, so

Car as procedurnl, safety design, operation and work area deficiencies which accounted

for the majority of the mishaps reported in a NASA review of accidents and incidents

which huave occeurred with hydrogen in the space program (Reference 11).

Fhe aireraft would be backed in Lo the fueling station where the suided boom
winild be connected to the aireratt by perscennel located in the Lower. The fueling
borm wonld allow the T, to enter the aircraft and hydrogen boil-oft gus from the

:
Wi reralt Lo be returned to the pround supply system.  Redundant and antomatic safety
Sentures built in the tower would allow ali other activities around the aireratt to

proceed normal iy,

Aiter the aircraft o Tueled, the boll-off gas wounld then be used bo tuel on-
Bomard anxiliary power units.  During out—of-service periods, the APU's may continue
to provide servicen, or the boil-of'fl pas may arain be captured and returned to the
liquefaction plant, or otherwise consumed. It the hangaring ot a Tueled aircratt
is required, the vent capture lines would be attached to the aircralt immediately

upon its entering the hangar.

Poe extended onb-ol=service periods, the aireraft would he defueled, and the
fanks illed with an inert gas. This would allow hanparing and mechanical servieing
without [urther precautions. Modern airceraft are rarely gut-of-service longer than
B8 honrs so defueling operations of [H, aireraft would be expected to occur very

2

int'regquently.
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With these general operational and equipment concepts in mind, the candidate

Internal Tank and Ixternal Tank LH, aircraft designs were compared and evaluated.

2
The following subjects were considered:

® Tuank accessibility

e T[Muel component accessibility

e Fuel line routing

e luelings/defueling points

e Insulation repair methods

® lhiciing practices/safety

o Ilaintenance practices/safety (isolabing, purpsing, and inerting)
e Vents

ire detection aystems

4
i

e lenk and

o Redundancy/sal'ety requirement.:

The resualis of the evaluation are summarized In Tabie 23,

IL wan coneluded that from an operations point o view, the Tnternal Tank deo-
sien was preferrod. Considering maintenance aspects, the Ixternn! Tank configura-
tion offered definite advantares,  Other considerations such as satety, vehicle
pertfornance, ooty cnerey ubitization, ete,, are compared in ol lowing sectiong

ceadinys Lo oan altimatbe cholee botween the tweo aireratt, comticurations,

aveby Conmparioon

The oo satety recocd nd vrocedures asoociated with the production, storose,
hearvd v, wndd use ofF Tiguid hydrogen as o fuel in the U.O. space program and In
various irddustrial applications provides g solid basis for development of safety
criteria Cor W) faeled alireraft. Moot ot the same problem areas affecting the
safe cperntbion of conventional Jet A alreraft must be dealt with in IH,) fueled
aiepianen, witn speelal solutions requirced In nany cases to safely utilive the phy-
sivnl characteristics of TH . The two candidate contipnrations of external and
internol i fuc! tanks were analyzed o determine i either had o clear advantagese

over the other in Lhe Pollowing areas of salety concern:
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TABLE 23. OPERATIONS AND MAINTENANCE COMPARISON -
LHp FUELED ATRCRAFT

CONDITION REMARKS ADVANTAGH

OPERATIONS:

W

lingle puint refueling possible Heither
with either system

e Refuelins

e Vent Gas Control Internal tanks have single vent Internal
During Out-0t- Tine located at hiphest pointl on
Service eriads the aircraft

e DPussenger Louwding Fxternal tanks inhibit access to Internal
and Asasociated fruselage
Servicinge

MALNTIHANC

e el Hyusten Enrine supply and retfuel systems Fxternal
with external tanks provide
simpler plumbing arrangremnent

e ‘I'nnky ‘nspectinn Accessibility is better with external External
and Repair tunks
e Tank Hepiacement Airceratt would be out-of-service for kxternal

rxtended period with internal tanks

e Vulnerability to Ingine Burst

Desigoning for protection arwinst engmine turbine and fan wheel burst is a funda-
mental requirement. The fuel tanks, fuel lines, hydraulic systems, {"Light controls,
electrical systems, passenger and crew accommodations, insofar as possible must be
Toested Lo minimize the effects of an engine burst. The application of protective
armoy Lo bhe ensines, or to the external LHP fuel tanks and other viulnerable usc-
lagre areas In the dispersion angles of an engsine burst, can be one solution to the
problemn.  However, 1ightweirht protective armor capuble of such protection has not
been developed. Such development is required to support an external tank confipura-
tion. The internal tank arrangement should be less vulnerable to an engine burs

but will require engine burst strike zone study when detail engine contiguration

dimensions hecome available.
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e Crashworthiness

Prevention of fuel tank rupture and/or fire, and the safe evacuation of the
passengers are primary concerns in present day and future aircraft involved in sur-
vivable accidents. Studies have shown that the incorporation of controlled "break-
away' patterns for structural members such as landing gear supports can be used to
prevent the rupture of wing fuel tanks. This "breakaway" concept could be applied
to the external tank configuration permitting a safe separation during a survivabile
accident., "The internal tank arrangement does not lend itself to such a concept and
requires safeguards in the form of energy absorbing materials to attain a similar
level of safety. This protection is provided in the designs of the Internal Tank

conflilgurations presented herein.

e Passenger [vacuation During an Emergency

Emergency evacuation from the ILH,, fueled airnlane should be conventional assum-—
ing the airplane is relatively intact with no fuel tank ruptures. The external ftuel
tank versinn offers little advantage over the internal arrangement or vice versa in
the event of tank rupture and/or fire. The airplane will have multiple doors for
passengers Lo ovacuate from.  Selection of forward or aft doors, right hand or let't
hand, should provide the passenpgers and crew o safe location to exit f'rom. i1 the
fire 1u widely spread, blocking all exits, the rapid burning and low heat radiation
characteristics of hydrogen compared to conventional fuels ecan be used to an advan-
Lrygre. Huther than hurrying evacuation while the exits are blocked with fire, it may

be posoibile to delay Tong enough o allow the exits to clear but before secondary

fires Intensily. A divadvantage is the normaily eonlorless nature of a hydrogen/air
lame.  People contd walk or run into o hydrogen-air flame betore they realize it is
therve,  The formation of water vapor as & ciue to the presence u{ hydrogen is sen-
eraily not relisble during hydrogen burning because of the rapid dissipation of the
vapor from the heat of combustion. Smoke is present as a clue only when other
material is being consumed.  Studies are needed to determine the feasibility of using
an additive or other means to give lTeaking and/or burning hydrogen a distinetive

color or ldentifying characteristic,

e o Tision Vulnerability; Mid-Air and Ground

Aceident records support the selection of the internal tank arrangement as less
vilnerable to collision. The external! tank version would be subject to more colli-

sion with ground service equipment, terminal tucilities, other alrplanes, and even
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bird strikes. The more vulnerable areas of the external tanks would require protec-
tion to preclude tank rupture from minor mishaps. Additional study is indicated to
determine the effects of collision damage, both mid-air and ground, on continued

sufe Tlight, ground safety, fuel tank impact resistence and protection,

e Oeparation of Fuel from Passenger Areas

The external tank configuration offers safer fuel line routing possibilities
iy thot lines to the engines will be short with a minimum of joints. Fuselage pene-—
tration will be the minimum required to provide crossfeed capability between the two
proposed external tanks. Fuel pumps and associated wiring and valves, and the wvent
system, can be located In the wing aren nr maximum separation from the passenger
compartment.  llowever, a disadvantapge ias the need for the external tanks to parallel
the passenger compartiment.  Major accidents involving an external tank might involve
the fucelare ns well.,  The internal tank arrangement will require crossfeed fuel
lines ~unning almost the length of the fuselage, with valves, fTuel pumps, and the
Lank venf ayotem all within the fuselage shell. An assessment of the safety aspects
ot bhis desirn econtiguration including evaluation of effects of insulation failure,
icotation of these components from the passenger area, leak detection, and passenger
protection in survivable accidents will require the development of additional design

dotails ireen follow=on studies.

e ihcoelo-Up Tandings, Overrotation on Take-Orf and Tail-Down Flare on Landing

Dl cherice of the external tank confipuration over the internal arrangement ig
clenr in easen of inadvertent (pilot crvor) fuselage contact with the runway. Wheels
np lewding, albthonuch rare, must also be considered as possible and again the external

tank arranconent, 1o inherent ly saler.

Aok ievement o o level of salety for the internal tank desipgn comparable to the
externa: vercion requires tuselage eneryy absorbing material or special skid/bumper
devices capable of isolating the fuselape “nel tanks from the runway and preventing
Lanl rupture.  As noted previously, the internal tank aircraf't designs shown in this

stuady ol 1 lneorporate this protection and inelude appropriate welght penalties.

e lishtning Strike

The external tank configuration will be more vulnerable to lightning strikes.
Developnent of adequate protection to solve this problem will require a full review
and study ot the effects of Lightning on the LHP fueled airplane especially in the

area o the vent system.

158



e Conclusions

A summary of the safety consideration is presented in Table 24. Either fuel
tank arrangement, external or internal, could be selected. Design solutions to
satisfy the areas of concern could bring both candidates to an equal level of safety.
However, the magnitude of the task of solving the protection requirement against
engine burst for the external tank configuration makes the internal tank approach
more teasible and therefore more attractive. The major safety concerns for the inter-
nal tanks, from a safety comparison, are in the areas of crashworthiness and fuel
system complexity within the fuselage shell. Such complexity and proximity of fue)
tanks make it difficult to assure on a conceptual level, that the passengers will be
adequutely protected against the effects of leaking fuel and subsequent fire dangoer,

lesign studies and experimental testing of representative structures are needed.

h.6.3 Characteristics Comparison

I'he desipgn and performance characteristics of’ the Internal Tank and Fxternal
Tank Ll tueled passenger aircraft are presented in detail in Sections L.l and 1.5,
respectively.  For convenience in comparing the two design concepts, sipnificant
dats tor the Mach 0.85 cruise speed designs of each are repeated in Table 25 for the
5560 km (3000 n.mi.) versions, and in Table 26 for the 10,190 km (5500 n.mi.) ver—
siono.  Bach table includes a column which shows a factor tfour comparing the valiles

" cach parameter listed. The comparison presents values of the LExternnl Tank de-

slpn relative bo those for the Internal Tank. Tor example, in Table 25 the srong

= ~

weilgsht, of bhe External Tank airplane is § percent preaster than that of the Internal

Tanwk design.

In only three of the 15 parameters itisted is the Internal Tank design found +o
have a rating not as favorable as the Frternal Tank configuration. These are span,
fuselape length, and FAR T.0. Field Length. The increase in span 1s so small as to
be of no significance. It results from the difference in aspect ratio selected for
the two designs. The increase in fuselape lenrth stems directly from the fact the
internal fLank desisn is made long enough to contain the nydrogen tanks plus the
passengers.,  The greater field length requirement may at first glance appear signiti-
cunty however, 1t must be realized the allowable field length is 2440 m (8000 ft.)
and both 1H, designs are comfortably within the 1imit. The fact the External Tank

2
concept ecan takeoff in such a short distance results from its poor L/D in cruise,
which requires larger engines, and which in turn provides a higher thrust-to-weight

ratin for takeoff.
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TABLE 2k,

SAFETY COMPARISON:

INTERNAL VS EXTERNAL TANK LH2 ATRCRAFT
CONDITION REMARKS ADVANTAGE
1. Vulnerability to engine External Tanks require armor Internal
burst protection to be acceptable
2. Crashworthiness External Tanks can be designed to External
)
; "breakaway"
3. Passenper evacuation
during erergency
e No fire External arrangement requires Internal
evacuation toward fuel tanks
e Fire in fuel area Passengers should remain in Neither-bhased
sealed cabin on present
information
b . . .
4, Mid-air and gronnd External Tanks are more vulner- Internal
coltision vulnerability able to minor c¢ollisions
5. Ueparation ot fuel from Average separation distance Internal
passenmer areas rreater for Internal Tank
arrangement
G, tuel tine length to Safe pructice dictates minimal External
enrriney ard tine entry entry of fuel lines into fuselage.
into tuserare Short runs with a minimauan of
breaks {rom tank to engines make
for oo safler system
. Wheels=up landings, The fuselagce tanks require energy External
over—-rotat lon on bake- absorbing material or devices be-
A ant tall-down flure tween the tanks and tuselage skin
on landing,
B, Lightning strike Fxternal Tanks vulnerable - Internal
require protection
9. Gl Teak Fnds of I[nternal Tanks require External
) forced venting or purge
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The Iaot three iltems in the table are the most significant. In each

o these, energy ubtilization, alrplane price, and direet operating cost, the Internald

)

Tunk conPipuration 1o the obvinus choice by o large margin.

It i of interecst o note that the advantage of the Internal Tane <deni o de-
cresses with range. 1L 1o pososible that at shorter ranges the Brterna: Tank con®ion-

ration may offer some advantages.

hoh. N Dummary and Selection

The ollowing 1o a cummary of the conclusions reasched resacsding the Lw. deslsn

copeephs in each of the areas of consideration:

Pretereod

Chnractoerictic Tunk fArrarncenent

Operations (rterred
Uaintoengnee Inxteere |

Latfoty [nterial

Wi, rtnrnia!
e poaterri
freeyry b T vt fon Tritsarvn
i NSRRI 12!
et Speratiing Dot Patmrned
Plowns rocomeernidesd Lo DDA Shet Lo Dol Tars e o o oeents e THL T e
pranienger afeerat o be sepecbod U Taptiner areorynln s cannegaont comper oo w i

Lhiee peforones Dot Ao gqlvera . The eocommendas, b wes aconphed,

Pl ol tae rablonate and method alread, ddeceriped Dor trne selentinn o0 L
hydeopen-"ue led alreralft, characteristincg of e reference (et 4 Yueled) airorcgs
A

were chosen Uor ranges f 5500 kroand 16,1090 k.

=
o8
o
D
i
v

cencitivl

in selection o wing thiczness of 0 percent wid ar aspect rati U9 e boto

ranges. A stated in the study ground rales, the on'y cruise Mach nmmber ins

sated Tor the Jet A=Tueled alrorat™ was 0.9

A
.
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The general arrangement of the Jet A reference aircraft is shown in Figure 67,
using the long range version for illustration. The fuselage arrangement is the same
45 that of the external tank hydrogen aircraft described in Section h.5.2. All fuel
is contained in the wing box structure resulting in some load relief for this wing

compared to the hydrogen design.

A tabulation of vehicle data for both the 5560 km (3000 n.mi) and 10,190 kn
(5500 n.mi.), Mach 0.85 aircraft is shown in Table 27. Table 28 presents a sunnary
o development and production costs for the Jet A airplanes. A breakdown of Direct
Opcrating Costs ls presented in Table 29.  As noted, the fuel price basis shown in
the table is the baseline cost specified for purposes of this study.

A comparison of these reference Jet A aireratt with corresponding designs of

the preforred configuration of LB, fueled vehicles is presented In the following
2

et o,

BoH S BENWFITS EVALUATION:  LIL, Vi JET A PASOHNGER ATRCRAPT

Cne o the objectives of this study was Lo assess the potential advantagres

Gelegr Ligqoid hydropen as Duel in long range, sut simic treanoport alreratt, conmpiared
with nusine econventional hydrocarbon el (Jet A) in equivalent advanced des iy

alrerart.  The results of Lhis eomparison are presented in this seetion.

WoALT Choaracteristios Comparison

Mhe ennractericstics of the reference Jet A pagssenger aiveralt are presentod in

Cection b.7. A descripbion of the T, fueled Internnl Tunk alreraft concept, the
:

conticnration selected in Section N.6 for comparison with the reference Jet A alr-
cred't, Lo presented in Section h.h. HNote, however, that the desipn characteristics
aud pertormenee of the aireraft presented In the present section dif'fer somewhat
Prom bhooe siven in preceding sections.  Values presented hereln represent, a final
Tterallon of Lhe designs and are referred to as "Final Desipn.”

oy conventience, Tables 30 and 31 present a summary of sipnificant design and
poriarmance data Tor final designs of the aireraft using cach fuel. ‘'l'able 30 1ists
dita o the 5560 km (3000 n.mi.), Mach 0.85 aircraft and Table 31 shows similar
information t'or the 10,190 km (5500 n.mi.) Mach 0.85 designs. Tach table also shows

4 Tactor which compares the value of each parameter listed tor the Jet A design
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CHARACTERISTICS | WING [HORIZ. [ VERT.
AREA (SQ.M.) | 3888 | 784 | 47.7
ASPECT RATIO 9 4 6
SPAN (M)} 5913 17.71 8.74
ROOT CHORD (M.)] 939 | 632 | 7.80
TIP CHORD  (M)] 375 | 253 | 312
TAPER RATIO 4 4 4
MAC )] 7.0 472 | 5.82
SWEEP  (RAD)] .52 61 Bl
T/C ROOT (X 18 9 <)
T TIP ®] 85 9 9

ENGINE THRUST - 145,418 NEWTONS
GROSS WEIGHT - 237,275 KG.

RANGE - 10,192 KM.

CARGO VOLUME - TOTAL 117.3 CU.METERS

CHARACTERISTICS | WING | HORIZ| VERT
AREA (SQ F1)14184.7 | 8342 | 5135
ASPECT RATIO 9 3 1.6
SPAN (FD] 124 5811 | 2866
ROOT CHORD (IN)] 3698| 249 | 3071
TIP CHORD (N)] 1478 | 996 | 1228
TJAPER RATIO 4 4 4
MAC UN)] 276 186 229
SWEEP~S%4 (DEG) a0 35 35
T/C ROOT  (%)] 118 9 9
14 TIP ] 85 9 9

ENGINE THRUST— 32693 LBS
GROSS WEIGHT-523094 L85

RANGE 5500 N.M.

PASSENGERS -TOTAL -400-10%-90% MIX

CARGO VOLUME-TOTAL 4143 CU-FT

.03 {40.51IN.)

51 20 IN)

N

2.03(80IN.)
.
1

i
N

B

)

+

724 (285 IN) ; 2,03?(50 IN)

584 DIA.{230IN) ~
226 (89 IN.)

l

B

2.03R.(82 IN)

SECTION A-A
SCALE L-44

59.13 (194 FT.)

LOWER CABIN _FLOOR A

A

BULK CARGO
8.49 CU. METERS
(300 CU.FT)

508(16.67FT)

WLO—-*—— —




2946 (1160 IN.)

2 LINFAR DIMENSIONS IN METERS(F T.0r INJ
ANGLES IN RADIANS (DEGREES)
| DIMENSIONS IN SI(ENGLISHIUNITS

NOTE:
FORWARD CARGO
| COMPARTMENT
6 BINS @ 7.30 CUMETER EA.__ | ECTRICAL _ — T T —
(e61Cu.£ 1) CENTER REAR CARGO COMPARTMENT 0 5 0 15
7 BINS AT 7.39 CU METERS EA SCALE -METERS
(261 CU.F1.)
I-—A SCALE -INCHES
| O 100 200 400 600
= —__ —
t f - 0O 10 20 30 40 50
0000000000000CaT0RN00 DnnunuuauunoouoonouuouuuuauounnuuununnuuuenunuDuunuu y 1834(60J7FT) SCALE-FEET
]
f ! — l',smarr.)
35 : - %JLK CARGO
‘ 12.76 CU METERS
L._A ~| _— 2102°%) {450 CU.FT.)
0} QI—" ;
———— 2215 (7267 FT)‘——*
60.05(197 FT)

Figure 67. General Arrangement - Jet A
Fuel, M 0.85 Transport
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TABLE 28. COST SUMMARY:

JET A PASSENGER AIRCRAFT

COSTS IN $10

6

RANGE

5560 km

10,190 knm

Development
Airframe
Tngine
Avioniecs
Total
Produetion
AMrframe Manufacturineg Cost
Dther Alrframe Cost
Sustaining Fnginecring
Tool Mainteriance
Quaiity Assurance
Mincel laneous
Prostit
Warranty
wrptine
Avionios
Gubtotal
RED per Adveraft®

Totnl Alreraft Price

$  565.99

350.85

$ 016.8h

<

11.11

& 20,62

416,57

$1,109.08

O

12.87

.38

1.16

1.21

2,59

=4
A
™

#unoed on 350 aircraft and 2000 engines
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TABLE 29. DIRECT OPERATING COSTS:  JET A PASSRNGER ATRCRAFT
RANGE 5,560 knm 10,190 kn
UNTTS &/ km $/n mi &/ v $/n mi
Crew 0.738 0. o 0.238 0. 46D
Maintenance
Alrtframe [abor 0.149 0.276 0.148 0.2
( IncoTuding Burden)
Eneine Tabor 0.097 0.180 0.107 0.190
{fncluding Burden)
Alrirame Meterial 0.068 0,126 0.068 0.12
Imyrine Material 0.095 0.176 0.108 0.199
Muel® and 01 0.556 1.03] 0.610 1131
[rsurance 0.163 0.303 N.186 0.3h
LDepreciation 0.60 l.15% 0,700 L3104
Tt DN 1.989 3. 687 2.170 h.019
o 4 & ik
Total Unit Doo 7;;5%—75] EEZE;TTTET so:ﬁ; km seat nomi
0.0y 0,020 0.543 1.005
*ponoed oo Jet, A Duel eocsto = 30/1.050 G ($2/10( Btu = 24, 8¢/ mal )
with that of the LHQ fueled airplane. Thus, in Table 30 the gross weight of the
5560 km range reference alrplane is 21 percent greater than that of the EHE air-
pliane designed to perform an identical mission using the same technolosy base.

Copiles of

desiypn adreraft are presented in Appendix D.

seen that the LH, aircraft offer significant advantage in almost every category of
fes

tieneral Ly, comparing the values listed in the columns of both tables,

comparison at both ranges,

temperature of

169

pertinent sheets of the ASSHT computer printouts for each of these final

The penalties nccasioned by the density and cryogenic

liquid hydrogen, reflected in the values shown for Lift/Drag, are

it is
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more than overcome by the tremendous advantage of the heating value of the fuel, cf.,
values listed for specific fuel consumption. Basically the LH2 aircraft are lighter,
require smaller wings but larger fuselages, use smaller engines, can takeoff in
shorter distances, and use less energy per seabt mile in performing their missions.

[t is also noted that at the shorter range, a comparatively smaller advantage 1is
reaiized. This latter is a trend which could be anticipated. Since the basis for
the superiority of the LH, -fueled aircraft lies in the high heating wvalue of the
fuel, a design mission which requires a large amount of fuel will automatically

ofter the maximum payoff for using Li,.
fal

The heating vaiues of the fuels used in this study are 12,800 kd/kg (18,400
B/ 1h) ror Jet A, and 120,000 ke (51,590 Btu/1b) ror hydrogen. This is a ratio
P oU8 in faver of hydrogen which accounts Tor the principle portion of the ditfer-
cnee in specitic fuel comsunptions (o) listed in the tables. The ratio of cruise
OFTs, Jet A-to-LH,., tisted in Table 31 1s 2.92. The extra advantagse piven the
bypavogsen system over the factor of .8 expected from comparison of the heating values,
£

i3 due to the requirerient to cool the high pressure turbine stages Hf the Jet A

cmrine with air bled Trom it eompressor.

Tt oehiid be noted thnt a corollary advantage which could nave been clalmed tor
the TH ) engine, viz., aeconnting for the heat added to the fuel as n result of using
T4t ool the air for Lhe passenger cabin and Clight s cation, was not included In

the aooensment of ho pertormance. [ i estimated this probably accounts Tor two

beo theee percent convervabism in the performance potential of LH, fueled engines for
Lhin Lype of airveratt spplication,

e entlo of bloek fuel eonsuned by alreraft using each type of thie: 1s in the
Pt Lo ot 4.4, using the data in Table 31 for the long range aireratt {or purposes

off an example. [t mirht normally be expected that the tuel used to perform a mis-
sion wouid be in approximately the same ratio as the 3F0's realized in cruise.
Aetunlly, there in o leverspe Tactor which works to the advantage of the alrcratt
Wit the more efticient engine or fuel system. Because that airerart uses less fuel,
it hoo oa lower gross welsht to accelerate and to 1ift to crnise conditions.  'This
reduced work requirement, compensated somewhat by the lower 1/D of the hydropen
fuelod ajirerstt, produces an iterative el saving which compounds to produce the

Tinal block fuel weight relationship listed.

The lower rross welght for the LHP aircraft provides additional advantages in
sting which are nol necessarily immediately obvious. Alreraft with lower gross

wedrhts generally tend toward
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e Jower operating costs — because items such as wheels, tires, and brakes,

all significant maintenance cost items, are sized on that basis.

e Smaller engines — which serve to minimize procurement costs and also lower

maintenance costs.

In addition, of course, lighter aircraft are easier to handle on the ground
and tend to minimize size and cost of equipment required, although this is not a
factor of great significance unless the ground handiing equipment 1s purchased speci-

ffically for the subject alrcraft.

The very low density of LH plus the requirement for a thick insulation sys-—

g’
tem around the tanks to contain the fuel at eryogenic temperature, poses design
problems which ultimately are reflected in weight and drag penalties for the aircraft.
Thus, even thourh MI,’,) airplanes require only aboul one-third the weight of fuel, the
operating empty weights of the LH? and Jdel A designs are virtually the same. 'The
hydrogen desipn 15 nearly two percent greater in the case of the shorter range mis—
‘ifon, usnd not guite one percent less for the longer range mission. The 11ft/drag
rotlos in eruice reflect a penaliy tor the IH,, aireraft amounting to approximately
10 percent. ffor both missiong,

fn spite of these penalties oceasioned by the density and temperature of liguid
Lvdrasen, as previously observed the tremendous advantage of the large heating value
0 Lhe fuel more Lhan compenssates. Figure 68 11 iastrates the major physical sivze
dit'ferences using the long range aircrart tor comparison. The span of the LI, air-

¢

plune o 6.0 m (2001 rt.) less, the wing ares 15 almost 20 percent smaller; however,
the tuselmre 1o 607 m (00 re.) longer and 0079 m (2,6 t£.) larger in diameter in

e boo provide room for o the tfuel tanks in the fuselage.

A Paetor ol particular interest is the comparison of energy utilization. This
iz the amount ot energy expended in performing the mission, expressed in terms ot

avallable sents x distance traveled.  The LI, airceraft uses L2 percent less energy

in transporting H00 passengers o distance of 10,200 km (5500 n.mi.) at M 0.85 than
does o comparable desirn airverat't which uses Jet A fuel. For the 5570 km {3000 n.mi.)
ramre mission the L, airceraft uses 5 percent less enerpgy than the Jet A tueled

desien.

in a summary of costs calceulated for the subject aircraft. The basis
for these cost estimates is presented in Section Wl for the Internal Tank LI, air-

craft, and in Section .7 for the Jet A aircraft. One notable difference is in the
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TABLE 32. COST COMPARISON:
LH2 VS JET A PASSENGER ATRCRAFT

(Refer to Tables 30 and 31 for Vehicle Data)

6
COSTS IN $10
RANGE 5,570 km 10,200 km
FUEL LH,, JET A L JET A
Devel «»Rment
Alrframe 594 .2 566.0 669.5 692.5
Eneine ho8.o 350.9 455.0 h16.6
TOTAL LOOP . 916.9 1124.0 1109.1
'rocduction
Ariramne A INPRE 20.10 19.86
brysine 3,07 .66 3.50 3.9
fvionies 0.50 0.50 0.50 0.50
KD Amortivat ion® 2051 250 2.82 2.8
POTATL AR IRIS) 22 .60 26,92 26,46
irect Operafing: Cost - Seat km 0.532 0.h80 0.5kh! 0.50>
. (0.986) {0.890) (1.004) {0.9531)
(Seat n mi)

Plue:t (st
Jet A= B2/ 1L050 G ($9/106 Btu = 2L 8¢/ /cati = 3.68¢/1b)

L= B/ 1L005h aa ($3/1o6 Btu HE/ D)

I
[
=

¥Lused on 350 alreraft and 2000 engines
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Direct Operating Cost. 1In the preceding sections, a nominal utilization of 3285
hours per year was used. For the final design versions shown herein, utilizations
of 3285 hours per year was used. For the final design versions shown herein,
utilization of 3600 hrs/yr and 4000 hrs/yr, were used in calculating DOC's for the
5560 km and the 10,190 km range aircraft, respectively. In the comparison shown in

Table 32 the LH,. aircraft are seen to cost more, both to develop and to produce,

2
than their Jet A counterparts. The production cost of the shorter range LH2 aircraft
is I percent greater than its reference airplane and the longer range LI, vehicle

Pl
costs 1.6 percent more than the corresponding Jet A fueled aircraft.

In considering the development coots, it should be noted that the cost of basic
hydropen technology development was assumed tn be funded separate and apart from the
traditional aircraft development costs represented in the table. A3 discussed later
in this repert, Section 6.0, a silx year program 1s sugrested during which such tech-
nedegty development wonsd ocour Tefore 1 decision need be made to proceed with develop-

ment, of o eommercinl transport airplane.  The cost of this basic technology develop-—

ment 1o onot ilneiuded in the costs shown in Table 32.

Slrect operating cost (DOC) is very sensitive to fuel cost.  As noted in

g, e 30, the tuel prices which were specilied for ase in this study to establish
boer rpn 1l R TN P o B0 ner 1.0 9| el & 6 t f ] t A i 1 t t 2)4 8 /
g ine 0 were B0 per 10050 G 52/10° Btu) for Je , equivalent to .0¢/gal. or

SR S - - N . . n . . .
SLOME ., and §3 per L.osh 67 (3% per million Ftu's) for L, which is equal to

‘

C50EA L. The sensitivity of DO to fuel cost In shown in Pipure 69 or the shorter
vrapgre wireratl and in Figure (0 tor e longer range vehicles. 'The price of Jet A
el cepressed In Lhe more Familine terminology of cents per gallon Is shown tor

o feponee neross the bop oot bhe grid oin both fignroens.

T provide perspective for Lhese comparisons, Figure 70 shows recent prices paid
hy 1L, sirlines for Jet A Tuel, and some recent est imutes of prices forecast for

LA . in Septenber, 197l merording to Reference 12, domestic trunk airlines in the
Unitoed States reported paying ohd/eal. for Jet A fmel.  In the same month the U.D.
Imbernations  carriers reported paylng an averape of 38¢/ral.  Recent estimates of
the potentinl cost of ranufacturing gaseous hydrogen fromn coal (or ligtnite) plus
water, pipelinim; 1t to a viceinity near an airport, and there liquefying and storing
it ready Tor use in aircraft are also indicated on the figure. The $2.50 per

1.05%0 k! (IOO Biu) estimate of Reference 13 was based on use of SLE /M (Bh/ton)
conl, a 2760 Mr/day (2500 ton/day) processing plant, and pipelining the gaseous

hydrogen 1853 km (1000 n. mi) to the airport. The $3.05/1.054 kT (106 Rtu) estimate
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e s . ] . . . s e o
monoth ricures, shows that from the estimated production cost of 32,50

"

. . . o . . . 5 ~ I .
Cleral Avietion Administration throush FAR Part 36 (Ret

FRPE - ) 3 A A i { ok ; . . - . ;s
Heterence 1% was based on use of $2.76/Mg (32.50/ton) lignite, a 1101 Mg/day

-

bon/day ! oprocessing plant, and pipelining 556 km (300 n. mi) to the azirport.

iotted .ine on Figures 69 and T0, drawn horizontally to represent constant

(-

cer

Btu) fop Hy, airlines eould afford to pay 21.5¢ more per 1.054h ¢J

the shorter range missicon and a hli¢ differential for T, ©nr “lyings the
riasion.  Sxpressed from ancther point ~f view, 17 IH., is available af

Sropontes of 5560 km (3000 n mi), when Jet 4 fuel exceeds a price ot

tae airlines could demonstrate lower DIC's i fhey were able L A

Tueled with TH. . The corresponding breskeven point Sor the price

[y

L0 e oroute i3 oabout 266/gal.

he st eqteulations presented in this section the bools In vtiliz
WY ard per year fur the 55060 km orange alreratt oand 5000 hel, v
oo velleoles,  Filgure (1 illustrates the et fect wariatin in
ave oo 00 e oalreratt using both fueis oand Tor poth rancea.

caleipated e ine the nominal el prices specliied in the ulldellnes

e ocagaares Indicnte baseline conditions. There 1o o sisndtioand

e consitivity o alrveoratt using eltner Tier o ounilization rate,

Crows the sencitivity of DY o1 the subject alreral ©o maintenance
The Dt euleonlioations were based n the neminal prices spe-ifi
ing The eeat o e intenance oy plus and minas (0O pereent hns on
reitive rating 0 the alresa?™ g

arten in maintenanes oot

Loe stuniards Uor commereis] transpert alrerati’t were introduced In

o

erence 15}, anl

are proseas 3inece then nave included in their deciyn reguirements fne

petterins o0 the noise limits of the Regulatinn., These nolse linits,

. ey . Y

[+1 the takeot? gross welght of the airplane, are specitied in effectiy

6

177

fse Lewvel [FPND) in units of EF43.  This subjective noise measure welshs

nresents o data oadding oo 32.3070.054h 00 (100 Btu) through liguerac—
Pteteen st r 0540 050 LT was adled (based on data Crom Refer-
b T
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the one—third octave-band frequency spectra of flyover nolse according to an empiri-
cal human noisiness response and includes a pure tone penalty and duration correc-

tion., Hoise limits must be met at takeoff, sideline, and approach points.

For more complete evaluation of the noise impact of aircratt operation on the
comnunity than is provided by the three-point system of FAR Part 36, maximum noise
contours, otten retferred to as "footprints,” are utilized. The evaluation may be
in terms of areas enclosed by contours at specified nolse levels, or contour plots

deawn te proper scale may be superimposed on the map of any particular airport com-

mnity to indicate ncligse exposure patterns.

The noive analysis of the passenger transport aireraft consldered Tour vehicies;
the selected TH —fueled designs and reference Jet A-fueled alreraft of equivalent
mivelon capability, one each Tor 5560 and 10,190 km (3000 and 5500 n mi) range carry-
Tty a0 payload of 39,900 kg (88,000 1b). Two noise goals — to meet lhmits of FAR

Bl

Pt 360 minas 20 BELAE, and to achieve an enclosed area of 5.180 k™ (2 sguare miles

9l

)

M

for the approsch-plus—takeolt 90 EPNdR contour — gulded the study.

The acoustical desizn of the power plants tor the LH, study alreraft Included a
¢

variable secnmetry iniet, whiich would control forward radiated noise etrfectively.
Aluo, provision was mode Cor sufficient multidegree off Ireedom acoustical Tining in
She prinary nozzle to reduce core engine and turbine noigse so that they would not
P wajor contributors to total Clyover nolse.  Jet noise, caleuwluted by the BAFR
mebbiond o Heference 16, was found Lo be nepsligible. At radiated fan noine then re-—
mained o the conbeolline aconstical factor, and o Tull lenpth Created fan discharge
diet with one treated ring splitter was incorporated in the nacelle desipn to nbtain

ot least 20 d cupprecsiong o maten what, could reasonably be expected t'or the inletb

ardd bhe core erngrine.

The colenlation of ensine noise generstion and liner perlormance were based on
the Larpely empirical noise predietion methods of Reference 7. Alrframe noise,
produced by the motion of the airplane through the air, was determined by a Tockheced-
(sl ifornia Company developed procedure (Reference 16) and was foimd to eontribute
siymitieantly Lo approoceh noise.  The basie airplane nolse characteristics along
with alrplane pertormance informatinn were inputs to the Lockheed-Calitornia Company
"oise Detinition" procedure (Reference 19), which was used to establish FAR Part 36
naise levels and the 90 FPNAB maximum noise contours for the four airplanes. The

results are piven in Table 33.  The 90 IPNAB contours are shown on Figrure 73,
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Examining the FAR Part 36 noise values for the study airplanes, it is seen that
the LH2 aircraft are 5 EPNdAB quieter on takeoff than Jet A aircraft. This is due
primarily to the lighter takeoff weight of the LHé alrcraft. The sideline differ-
ences are negligible and are due to the design requirement that all engines be 20 4B
quieter than FAR 36 limits. On approach however, the LH2 aircraft are noiser. This
stems from the fact the LH, aircraft have smaller engines, they have lower L/D, and are
about the same weight as the Jet A fueled aircraft after flying a full range mission.

Consequently, the LH, aircraft must operate their smaller engines at a more advanced

2
throttle setting to maintain a 3 degree glide slope in approach, and are therefore noiser.
It Is also seen that the poal of 20 dB lower than current limits i achieved
only st the sideline. Tevels about 15 dB below current limits are achieved for
takeot'f, bul only about 10 4B for approach. Takeoft levels possibly could be re-
duced further by additional nacelle treatment and by improved airplane performance.
Further reduction of approach noise, however, is limited by the airframe noise [loor,
which is approximately equal to the treated engine noise of this study. Consequently,
cven 1 the englnes were not operating at all during landing approach, the noise
wortld only be abont 3 dB less than shown.
With regard to the 90 EPNAE contours, the same comments apply as were made in
the preceding paragraph for the PAR Part 36 values. The total areas achieved are
apparently about twice as great as the goul of 5,180 square kilometers (2 square
st. mi). However, there is an artiticiality in the results because of Lhe duration
correction of the EPNL procedure.  Oince at start ot takeolff roll, the airplane's
Forward veleeity is vero, the duration correction approaches infinity. A small veloe-
ity of L6 knots was asoumed Uor the pussenger aircralt to avoid this problem, but
sbilt pave an unreal isticaldly wide footprint. 7 the DPNL were considered only after

1

the airplane had achleved approximately [ift-off speed, the 90 RPUAB areas would

be decreased by about 2.5 km2 (1 sq. mi). Any improvement in takeoff noise aimed at
meetings FAR 36 minus 20 dE would decrease 11:1}{%»1‘1" contour area further; the enclosed
area L overy sensitive to basic nolse changes. However, the original poal may not
be realistic since the approach contour area, which is normally the smaller of the
two, 1o abont cne=halt’ of the goal area.  As discussed above, the approach noise,
beeause o Lhe alrirame noise Tloor, 1s not amenable to additional substantial

reductions,
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4,8.3 Emissions

Table 34 compares the estimated exhaust emissions of the hydrocargon and hydro-
gen fueled engines derived for this study with the goals specified by NASA as target
values (Reference 4). The estimated levels are pased on data obtained from Refer-
ences 20, 21, 22, and 23. As can be seen the estimates of carbon monoxide (C0O) and
unburned hydrocarbons for the hydrocarbon fueled engines at idle power are double
the NASA goals., However, these engines will not produce visible smoke during takeoff.
The hydrogen fueled engines produce no €O, unburned HC or smoke because there are

no carben atoms in the fuel.

The poals for engine emissions are specified in terms of 1000 weight units of
el burned. Tt is not meaningful to compare emissions from hydrocarbon fueled
enprines with hydrogen Tueled engines on this basis because o1 the larvpe difTerence
in heating values of the fuels. Accordingly, NDX emissions were adjusted to a
basin of heat release equal to one welght unit of hydrocarbon fuel by Jdividing the
LH., value by 5. 81. These wljusted estimates show that hydrocarbon and hydrogen
fueled enrines would have about the same rate of oxides of nitrogen (‘NH\() formation

2

and thuat the U0 emissions from both fuels will meet the specified

pronls . However,
A

theoreticnl chemical kinctics predicts that much lower N()‘( emissions are possibie
with hydropren by lowering primary combustion sone fuel/air ratins and dwell time.
Tt 1o, considerably more potential exists for minimizing nitrogen oxide emigsions
with hydrogen than with kerosene becanse of the ease with which hydrogen can be in-
Lpodneed into the combustor as a gaseous uel, its hich diftusivity, its wide tlam-
mabi ity range, and its hipgher burning veloeity. However additions ) combustor re-—
cearch will o be required to determine practicable achievabte lower Pimits.

Reforence b oindicates that N(?‘X emiscions sl cruise altitude will be approximately

sevenieen percent of’ the emissions per 1000 weight units ot tuel at takeoff.

The principle exhaust product resulting from combustion of hydrogen with air is
water vapor. Lome concern has been expressed that larpge numbers ot LH;) fueled air-
crutt might wresk havoce with atmospheric conditions becanse of the wiater vapor de-
posited at ernicse altitude. Calculations show that such Tears are groundless.

The 10,180 km range 400 passenger LH2 fueled airplane whose characteristics are
shown in Table 31 produces 20.2 kg of water/km (82.4 1b/n mi) during cruise.
The corresponding Jet A fueled aircraft makes 10.3 kg of water/km (L41.9 1b/n mi).

Althongh the [H, fueled airplane produces nearly twice as much water vapor, the

total 1s still so small compared with the amount that is already in the atmosphere
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TABLE 3L. ENGINE EMISSION ESTIMATES (1)

ENGTNE ESTIMATED EMISSION LEVEL
EMISSION TYPE CONDITION GOALS HYDROCARBON HYDROGEN
co Idle 14 30 0
Unburned HC Idle 2 L 0
Smoke (2) Takeotf 25 15 0
O Takeofl 13 12 <12 (3)

(1) FEmissions expressed as weight unit of emissions per 1000 weight units
of fuel, g/kg, (except see note 3).

(2)  SAE L1T9 smoke number.
(3) Because of the much greater heating value of hydrogen this estimate

has been converted, by dividing by 2.81, the ratic of fuel heating
values, to equivalent energy weight units of hydrocarbon fuel .

the comparison is meaningless. TFor example, the water vapor emitted by the subject
1. airplane during cruise would be a layer approximately 1.2 um (0.00008 in.} thick

across the width of the engine exhaust nozzles.
W8, Safety

This section compares safety aspects of using LH? and Jet A fuels in alrcraft
and suggests areas where experimental data and technological advances are needed to

develop an IHP fueled aircraft. Some of the safety aspects are:

1. The ullage space in the tank of a Jet A fueled aircraft is flammable or
detonable over a broad range of pressures and temperatures; that is, from
about 100°F to 160°F at sea level and from about 40°F to 90°F at 50,000 foot
altitude because a mixture of air and fuel vapor exists in the tank. On
the other hand, the vapor space in a LH2 tank is not flammable because ailr

is excluded from the tank.

o)

Assuming the energy release from a Jet A and a hydrogen fire is the same,
one could expect significantly less damage to the surroundings from the
hydrogen fire because of its relatively rapid burning rate and low emis-

sivity (radiant heat transfer).
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3. Since much less radiant heat transfer, smoke, and noxious products of com-
bustion are produced from H, fires compared to Jet A fires, in a survivable

(a8
crash where a fuel fire ensues, passenger safety should be greatly enhanced

if the fuel is LH,.

v,  Assuming deflagration does not occur, large leakage of HP within the air-
eraft is likely to be more harzardous than leakage of Jet A because of the

hazard of detonation in a confined space.

N
.

14, is non-toxie, however it presents a unique health hazard to personnel

hecunse combact with the eyes or skin can cause freezing o7 the tissue.
,

Jet A ruel is a minor skin irritant but its vapors are toxic at levels of

500 ppri.

. Rapid diftnsion and evaporation of spilled LH, limits the time when a
(a8
Clarmable mixture might be present. A splll of a quantity ot Jet A having
cqual enerpy content woul d present a hazard for a much longer time span

and over a much larger area.

f Wammable mixtures of both B and Jdet A can be ignited by a hot surface or
electrical spark.  The relative hazard of the two fuels can be Judged by
considering the following facts:  The hot surface lgnition temperature ot
. . ] IS O e O VA O s o
M., and Jdet A isoabout 593 °C ULI00 F) and 21670 (420 ), respectively. The
2

minimum eneroy required to ignite the fueis is about 0.07 and 0.7 milli-

jootes ror W oand Jet A respectivety.  Thus
[

, it is concluded that i, is

N

sater from the point of view of hot sarface igniticn but less safe from

Lrnition by sparks from electrical discharges.

Techno logical Advances KHequired — Some ot the areas where experimental data

and technological advances are needed to develop sate LH., fueled aircratt are illus-
&

trated by the following. For many years, the FAA has considered 10[’)9()(7 (?()OOOP‘) s
the typical (lame temperature of a powerplant, fire. Accordingly, “echnical Service
Orders (Ta0), an PAA document, specity frire resistant propert les of equipment which
mst runetion during powerplant fire conditions. Tire detection devices and hoses
carrying lamable [lulds within designated fire zones arc examples of egulpment
subject to T8O regulation.  To show TS0 compliance, this equipment must withstand
Pire from a standard burner which has a flame temperature of IOQPOC (BOOOOF). Since
the typical ilame temperature in a IH, tueled powerplant fire is not known, research

shoutd be undertaken to determine it. The FAA'S National Aviation Facility

188



Experimental Center at Atlantic City, New Jersey, has done full scale testing using

hydrocarbon fuels, OSimilar work is needed using LH?.

The following is a list of required technological advances.

1. The characteristics (flame temperature, heat flux) of a typical LH2 fuel

system or powerplant fire should be determined.
2. Optimum means of fire detection and extinguishment should be developed for

all areas of the aircraft.

3. The exwreme volatility of LH. and its wide flammability range, plus the

2
likelihood that fuel tanks or plumbing will be located in contfined spaces,
indicates that some type of leak detection system must be developed to warn
the crew of a flammable atmosphere wherever it might exist within critical

areas of the aircraft.

4, The minimum energy required to ignite flammable mixtures of HP and air is
about 0.02 millijoules which is an order of magnitude less thén that re-
cuired to ignite hydrocarbon/air mixtures. Therefore, new standards of
shielding or rendering vapor-tight must be developed for equipment which

may be exposed to a Hq/air atmosphere.
[a

5. At certain times during both ground and flight operation, gasecus hydrogen
will be vented from the fuel tanks. Research leading to an effective vent
exit design (flame arrestors, etc.) which would prevent damage to the air-
craft 1f vent gas i1s ignited should be undertaken, The possibility of
always maintaining an Inert atmosphere within the tank during maintenance
or servicing cannot be guaranteed; therefore, every effort must be made to

prevent flashing at the vent exit from entering the tank.

In summary it is believed that the hazards associated with the use of LHP are
less than those associated with Jet A, but because of their differing physical and
combustion properties, new designs and operational procedures will be required to

make certain that today's level of fire protection is met and even exceeded.

4.9 LARGER PAYLOAD DESTGNG

The effect of larger payload requirements on LH, aircraft design and operational

2
characteristics was investigated by establishing designs to carry 600 and 800
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passengers over the specified ranges at M 0.85 cruise speed. All aircraft were
designed to the same guidelines used throughout the study for the %00 passenger

vehicles.

FMigures Th and 75, 76 and 77 illustrate the general arrangements and the passen-
ger cabin arrangements evolved for the 600 and 300 passenger versions, respectively.
The Internal Tank design concept selected for the 00 passenger alrcraft was used.
Both aircraft retain the double deck passenger arrangement, with fuel tanks both
forward and aft. In order to enlarge the passenger compartment to carry the required
crmplement, yet not exceed a realistic fuselage length, the fuselage diameter as well
a5 its length was increased. The 600 passenger airplane has a body diameter of
.52 m {(2h.7 rt) and carries 10 seats per deck per row in a 3-L_3 arrangement for a
total of 20 per seat row. The 800 passenger vehicle has corresponding dimensions of
B.0 m {26.3 £t) and carries 11 seats/deck/row in a 3-5-3 arrangement for a total of
00 aeal row.  These dimensions retain approximately the same fuselage fineness ratio

a5 the 400 PAY desirn and permit appropriste rotatlon angles.

Qo

Parametroic relationships were explored using the ASSET computer program to find
the most satistactory couwbination of airplane design variables which meet all the

suideline constraints.  The results are listed in Table 55 for the 5560 km (3000 n mi)
rargre aivplanes and in Tabte 36 for the 10,100 ki (5500 n mi) range vehicles., The
pay load weight regquirement was calculated on the same basis as for the H00 PAX desien
deseribed proviously, i.e., in addition to an allowance o1 9007 ky (200 1b) per
pussenger, arn aodditional 10 percent was ineluded Tor revenue cargo. Summiry cost

datn (nr the alreratt are presented in Tabte 3.

Trends of some o1 the significant parameters which are functions of alrceralt
size are plotted in Figures T8 and 79 for the 5560 km range and the 10,100 km range
airceraft, respectively. Alrcraft gross weight, block fuel fraction, price and direct
coperating cost are all plotted to show their variation with passenger capacities
ranging from h00 to 800, The increasing Tlight efficiency (higher L/D) of larger
girceraft 1o apparent in the decrease of the percentage of block fuel consumed. This

in alan reflected in a lower DOO as alrecraft size increases.
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TABLE 35. CHARACTERISTICS OF 600 AND 800 PASSENGER
LH, AIRCRAFT (SHORT RANGE)
600 PASSENGERS 800 PASSENGERS
51 CUSTOMARY | 51 CUSTOMARY | S1 CUSTOMARY
Paylcad kg 1b 59,900 | 132,000 79,900 | 176,000
Range km nmi 5,560 3,000 5,560 3,000
Cruise Speed Mach Mach 0.85 0.85 0.85 0.85
Takeoff Gross Weight | kg 1b 231,000 [509,760 316,000 | 697,450
Operating Empty kg 1b 148,700 328,630 207,200 | 457,750
Weight
Block Fuel Weight kg 1b 18,100 | 40,000 23,500 51,750
Total Fuel Weight ke 1b 22,300 | 49,130 28,900 63,700
Wing Area me 12 433 4,655 594 6,399
Wing Loading, ke/m2 | lbs/rte 535 109.5 532 109
Takeof1
Span Tt 62.4 20h .7 73.2 20h
Fuselage Length ft 68.9 236.0 81.3 266,
Lift/Drag (Cruise) - - 15.9 15.9 16.85 16.85
Specific Fuel kg -1 1b ) | ,
Conewnption (cruise) hr/daN hr/,Lb 0.20k 0.200 0.20k 0.200
Thrust per Engine I 1b 156,000 | 35,050 203,600 46,200
(1.5
Thrust/Weight N/kg - 2.70 0.275 2.60 0.265
(8L3)
FAR T.0. Distance m 't 1,883 6,188 1,920 6,345
FAR landing Distance | m 't 1,775 5,823 ],778 5,833
Appronch Opeed (BAB) | m/s knots 69.5 135 69.9 135
Weicht Fractions Percent|Percent
Fuel 9.6 9.6 9.1 9.1
Payload 25.9 25.9 25.2 25.2
Structure 344 3Lk 37.0 37.0
Propulsion 10.1 10.1 9.7 9.7
Equipment and 20.0 20.0 19.0 19.0
Operating lLtems
Pnergy Utilization kJ Btu 6
1 2
Seat km|Seat nmi 652 1,146 33 211
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TABLE 37. COST DATA FOR 600 AND 800 PASSENGER LH2 AIRCRAFT
RANGE 5,560 km 10,190 km
PASSENGER CAPACITY 600 800 600 800
Development Cost
Airframe 830.3 1073.5 973.9 1247.3
Engine 525.1 6h1.0 593.0 713.0
Total 1355.4h 171k4.5 1566.9 1960.3
Production Cost
Airframe 25.88 34.83 31.55 Lo L3
Engine L.19 5.36 L.87 6.11
Avionics 0.50 0.50 0.50 0.50
R&D Amortization* 3.4h2 4.35 3.97 4.99
Total 33.99 L5, ok Lo.89 5L, 03
Direct Operating Cost 0.493 0.475 0.523 0.506
(seat m i) (0.913) | (0.881) (0.969) (0.938)
@ fuel cost:
Jet A = $2/1.054 GJ ($2/1o6 Btu = 2L.8¢/gal = 3.68¢/1b)

IJﬂg

}3/1.054 GJ($3/106 Btu = 15.48¢/gal)

*Based on 350 aircraft and 2000 engines
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SECTION 5

CARGC AIRCRAFT

The cargo aircraft analyzed during the study are described in this section.
The parametric procedures used to evaluate candidate designs and to define preferred
configurations of cargo aircraft are described. Two preferred designs of LH  fueled
cargo aircraft are described for each mission, in addition to the Jet A fueied
configurations which, as in the case of the passenger aircraft, serve as a point of
reference for evaluating the benefits of using hydrogen as a fuel for advanced

technology cargo alirceraft.

5.1 BREQUIREMENTS

Carpo aireraft were designed to perform two missions. One was to transport
S6,700 kilograms (1-9,000 pounds) for a distance of 5,560 kilometers (3000 nautical
mil~s). The second was Lo transport ll%,NOO kilograms (250,000 pounos) for a dis-
tance of 10,190 kilometers (5,500 nautical miles). Subsequent paragraphs refer Lo
the aireraft configured to salisfy these misslons as tne small and large aircraft,

rocspoctively.

A cruisce speed of Mach 0.8% was selected for both missions. This decision was
based on qualitative Jjudgment rather than on a quantitative analysis. 1£ was felt
Lhnt cargo airceraft designed for initial operation during the 1990-1995 time frame
will require a cruise speed compatible with the speed of commercial passenger alr-
carft. This compatibility will decrease the number of potential traffic delays
oceurring within the controlled alrspace environment. Cruise speeds faster than
Mach .85 were nol felt to be justified as commercial cargo transport is more sensi-

tive to time of day delivery than to speed of delivery.

The above and other pertinent mission parameters are summarized in Table 38.
Landing distance and approach speed for the small aircraft are based upon a landing
weight which includes full payload and fifty percent mission fuel. The large air-

craft landing weight conditions are full payload and mission reserve fuel only.
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TARTE 38. CARGO MISSION PARAMETERS

SMALL LARGE
ATRCRAFT ATRCRAFT

Payload - kg (1b) 56,700 {125,000) 113,400 (250,000)
Range - km (n mi) 5,556 (3,000) 10,186 (5,500)
Speed - Mach 0.85 0.85
Initial Cruise Altitude - m (ft) 10,972 (36,000) 10,972 (36,000)
Maximum Runway Length — m ({t) 438,04 (8,000) 2L38. 4 {(3,000)

Maximum Approach Speed - m/s (keas) GO LU (135) GO, ik (135)

CONFTOUEAT LON SELRSTTON

The dencity of Digquid hydrogen tuel compared Lo current, det, A fuel, approxi-
bty o Pour=to-—coe volume ratio for cogusl cnergy conbent, plus the reaqul rement
Copoa bhick layer of insulation around Lhe tang o minimive boiloff, prescnts a
e vontiurntion problem. The Tocablon and desien of the hydrogen fuel tanbagse
Wi e slenlUieant olement oo bhe tack of sclectingg preferred confirurstion coneepts
for Lhe hydrosen adreratt. The inltial bass win, theretore, to evaluste virious

cond Ddnbe concopts of alrframe and hydrormens bans integration,

Sotremad ie ropresentbanions ol Lihe contlpgurasion concepts ronsidered for the

rert ] ospirerac L e shiown on Mlpgure Db vl nt fon dabn and contiguration select ion
arc gciven on able 2L CThe vose Donder g owing Lall concepts were selected for

more desoel led sbudy and evaluat lon. The swingt Lall concepths roguires the minimum
sross welshu et peovides neeoptiable operat ionnl characteristics.  Althowrh Llie

o woelgohts off the conboer and pod tank concepto were less Lhan the gross weigsht
of She nose Lloader coneent, these designs were rejocted due Lo poor eargo compart-
ment desien and low hydrog o tank otfficiency, i .o, high surfacce=to-volume rabio,

reaspect ively.

The cargro compartment for the above parametric alreraft was sized Lo contain
aocimrte row oof 0L m (3.5 1) wide by .90 m (3.5 ft) high containers.  'The

single row wiil sbore four containers, three 10,19 m (ho 't} in length and ane
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.10 m (20 ft) in length. The compartment dimensions are 2.7h m (9.0 ft) wide by
3.05 m (10 ft) high by 43.89 m (144 ft) in length for an average cargo cube density
of 153.78 ke/md (9.6 1b/1t°).

Subsequent to the selection of the swing tall and nose loader concepts, a
study was performed to compare the single row cargo compartment with a double row
type. The double row compartment is 5.33 m (17.5 ft) wide, 3.05 m (10 ft) high
and 22.5%0 m (7h £t) in length. BEach row will store 3 containers of various lengths,
one 12.16 m (K0 ft), one 6.10 m (20 ft), and one 3.05 m (10 ft). Average cargo

cube density is also 153.78 kg/mj.

Alreraft configured for the double row compartment are compared to the single
row aircraft on Table L40. The lower fuselage surface area of the double row con-
figuration results in lower fuselage weight and skin friction drag, therefore, less
cross woelghl required to perform the mission. Based upon this comparison, all

subsequent study aireraft are configured for the double row compartment.

TARTE 40, COMPARISON — DOUBLE ROW VS SINGLI ROW
CARGO COMPARTMENTS

DOUBLE ROW SINCLE ROW

SWING NOSE SWING NOSE

TATL, LLOADER TAIL LOADER
Compartment Width - m 5.33h 5,334 2.7h 2.7
't 17.5 175 9.0 9.0
Compartment Length - m 22.56 22.56 L3.89 13.89
't Th Th 14l 1hh
Fuselage Surface Area - n 85, U2 1012, 6k 1068. 38 1161.29
ot ” 9,100 10,900 11,500 12,500
Mission Fuel - kg 15,966 17,101 16,783 18,824
1b 35,200 37,900 37,000 41,500
Operating Weight - kg 56,382 62,868 63,594 70,851
1b 124,300 138,600 140,200 156,200
Gross Weight - kg 128,730 136,077 137,484 145,693
1b 283,800 300,000 303,100 321,200
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The schematic illustrates a computer program which, when provided basic data

such as fusclage sive, engine data, mission requirements, and atmospheric data,
e Mstimates the drag and weight characteristies of a given configuration

e Pvaluates the capability of this configuration to meet the mission

requirements.

This process is arranged in a loop in order that the aireraft sive, primarily
wing and empennage areas and engine size, can be iterated until the airerat't 1o
sivzed Lo oxactly meet the misslon payload-range requirements. After o configura-
tion 1o properly sized, the routine determines the takeoft and landing field Lenstbhis,

the approsci speed, unit price and the operating costs of the alreratt.

This routine io arranged so that configuration changes resulting from primary
variables suen as wing aspect ratio, wing sweep angle, cruise altitude, and crulse
witngs londing or it coctficient can be automatically cevaluated during one exceut ion

of the progras. A complete description of the sized aireraft, including weimhits,

aerodynamice, goeometrice, costus, and alrport pertformancc characteristics can be

colected for oubimt from bhe computer.

The micslon conoists of takeof'f, c¢limb, and cruise segments.  No range croedit
i nliowed for descent.  The cruise segment is computed using a constant altitude,
conchtornt specd bectmiaque.  Fuel reserves were provided for international light and
gliow for 10 percent extra eruise time, plus 20 minutes hold, plus fuel for au

el it ional ernise of 37000 km (000 n.mi.) to an alternate ailrport.

JLL Parametrio Constraints

T culdition Lo the characteristics defined previously, several other factors

woere held constant. For example:

e The minimumm initial eruise altitude for cargo aireraft was cstablished

as 10,970 m (36,000 £L).

® 'he maximum cruise 1ifi coefficient was not to exceed a 2-dimenslional

ver L of O,

e a1l siving was held constant with the parametric valucs establiched in

Section 2. of this report.
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e All configurations have T tails. The empennage surfaces have 8.5 percent

thick airfoil sections and are swept 0.61 radians.
e All confijpurations have four enginces mounted under the wing.

3.3 Tarametric Sclection Process

A sample of Lie output and usage of Lhe parametric data s given o Fipure B
which chows SLhe variations in alreraft welght, operating costo, approach speed

el adrport performance which result Crom paramctric variztions in aspect ratio and

cruioe wings Londliies for ernise matchod enpines,  Since thoe ailrveralt ave oplimized

G broe basice of miniman DOC, the various constraints are superimposed on the DOC

plot.  In this caneo, Lhe diagram shows thual Lhe alreraft is sized by the H0L5 n/ s
(13 knct ) approach spoeod Timitabion and that o considerable margin 1o avallable

1

e oY . . .
U L) rnwny ettt conouraint becomes eritlond .

e resuth s o of L poarmmetric studion ot Lne smelDoand Taree hydrogsen aose

Lomdor and swite Lol conligurabions are piven i Tables BEoand by respectively.

4

Wi et chow Lhen Uhe anpoeet radb e 9 oalreeatt bave Dhe mivdioam direel operat g

cocte o and wero, acecordinge iy, bhe gelecbod confipurat ions, PLovhould be noted,
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5.4 HYDROGEN NOSE LOADER CONFIGURATION

5.%.1 Configuration Description

The nose loader aircraft shown in Figures 83 and 84 are configurcd and sized
Lo perform the specified missions. Configuration characleristics common to both
aireraft include supercritical wing design, a T-tail empennage, four pylon wing-
mounted enpines, and landing gear flotation acceptable to commercial fixed base
operautions. Mounting the wing in the low position on the small aircraft enables
the wing structure to be used also for the landing gear atlach structure and allow
for sufficient engine nacelle ground clearance with a cargo floor height above
ground lovel of b2 m (15.5 £ft).  The mid-wing position is requircd on the large
aireraft to obtain proper engine nacelle ground clearance and to provide proper

careo floor height above ground level.

High 1irt deviees on the wing leading and tralling edges are required Lo give
adequate low-speed charactericstics and handling qualities. These cousist of a
retractable leading-edge slat, and a double-slotted Fowler-type flap. Flight con-
trols consist of a system of spoilers and ailerons for lateral control, an all-
flyine horizontal stabilizer having a geared elevator for longitudinal control,
and z rudder system for directional control. The flight control systems are

powered hydraulically by four independent systems to insure the necessary re-

liability. BPElectronie signaling, fly-by-wire, is used to activate the systems,

Tl 1 isht station is arranged Lo accommodate a crow of threo including o
light srminecr. nfttight, aecess from the flight station to the cargo compartment

o provided.,

The careo compartment width and helght arce 5.60 and 3.05 m (15,5 and 10 °L)
with lemgeths of 00ous6 m (fh L) and o9 m (1hh £t) for the small and large alreraft,
roespoctively.  Carpo londing access Lo the compartment 1s provided by a full com-
partmwent cross-section nose visor door. 'The compartment dimensiongs are compuatible
with Lhe loading of « double row of containers of sives specitied in Scection .0,
Compartment length allows the usce of various container lengths, 12.20, v.10, or
.0t m (ho, »u, or 10°rt).  Full compartment Length inflight cargo scanning aisles

are provided along the outboard side of each row of containers.

Airconditioning and pressurization systems are provided for the flight station,

cargo compartment, and the upper fuselage lobe liquid hydrogen tank compartment.
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SURFACE CHARACTERISTICS

WING HORIZ VERT
AREA-SQ.M.(SQ.FT) 2401(2584) 2546(274) 3447(371)
SWEEP-RAD.(DEG.) 052(30) 0861(35) 061(395)
ASPECT RATIO 900 470 124
TAPER RATIO 040 040 Q80
t/c-%% 11.49 85 85
YOLUME DATA
FwWD TfNK 975 3444
MID TANK 975 3444
] AFT TANK 269 950
TOTAL 2219 7838
1612M.
(529FT)
—_—
Figure 83. General Arrangement - Lip Fuel,

Cargo Transport, S9mall Nose Loader
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SURFACE CHARACTERISTICS

WING YERT
AREA-SQ.M(SQ.FT1.)4834(5203) 49.2(529) 652(702)
SWEEP-RAD(DEG) 052 (30) 061(35) 061(35)
ASPECT RATIO 9.0 47 1.24
TAPER RATIO 04 o4 08
t/c - % 11.07 8.5 8.5

YOLUM ATA

JTEM LUM, CUFT
TANKNO 1 2577 9100
TANK NC 2 51.7 1825
TANKNQ 3 1359 4,800
TANK NO 4 152.9 5,400
TANK NO.S 123.2 4,350
JOTAL 721.4 25,475

17.9M.
(5BE6FT)

Figure 84. General Arrangement - LH, Fuel,
Cargo Transport, Large Nose Loader
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The tank compartment is pressurized by engine bleed air cooled to approximately
the ambient stagnation temperature by a ram-air heat exchanger. The pressurized
alr enters the forward end of the tank compartment and exits at the aft end to pro-
vide continuous purging alr flow. The tank compartment is separated from the cuargo
compartment by a horivzontal bulkhead and is maintained at a pressure approximatlely
10.3 kPa (1.5 psi) below the cargo compartment such that any leakage is always
from the cargo compartment to the tank compartment. Blow-out panels are provided
in the separation bulkhead to prevent structural damage should decompression occur
in elther compartment. A single spherical tank is located in the unpressurized
alft-fuselage scction. The volume of this tank is minimized to maintain proper

alrerafi balance.

5.4.1.1 Liquid lydrogen Tank Configuration Selection - The three-lobe hydrogen

tank was selected for the nose loader ailrcraft based on evaluation of six alrcrafi
configurations derived trom three candidate hydrogen tank shapes and two tank iso-
lation concepts. Bach of the six airecraft were configured to perform the S6 700 kg

(125,000 1b) payload 5,560 km (3,000 n.mi.) mission. Three hydrogen tanks were

incorporated in ecach airceraft with a total volume of 232 m45 (8,000 ftg). Two tanks
of varicus candidate chapes were located above the cargo compartment and a spheri-
cal shape tank was located in Lhe alft fuselage of all aircraft. The various candi-

date tank shapes and the required fusclage configuration for cach are shown in

Figure M. ALl tanks were desipgned Lo the followlng criteria:

e Miterial — 2019 alumirm

e Minimum skin gage — 0,10 em (.00 in.)

e Conshbruction - okin and stringer

e Pressure - 137.9 kPa (20 psia)

e Iusulation - 1%.24 em (6 inch) thick closed-cell plastic foam

e 'l'ank structure 1s non-integral with airframe structure
[
The two tank ifuolation concepts are defined as follows:

Concept 1 (Unpressurized)

As shown on Figure % each fuselage configuration is divided into
two compartment s, the cargo compartment and the hydrogen tank

compartment . The upper or tank compartment is unpressurized,
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therefore, the pressure bulkhead separating the cargo from

the tank compartment provides the necessary means of isolating
the hydrogen tanks. Tank shapes utilizing this concept are
identified as baseline, Option 1, and Option 2 in subsequent
tables.

Conecept 2 (Pressurized)

For tinls concept both the tank and cargo compartments are

pressurized. A pressurc differential of approximately 10.3 kPa

(1.5 psi) is maintained across the bulkhead separating the two

compartments by maintaining a lower pressure in the tank com-

partment Lhan is maintained in the cargo compartment. Leakage

is always, therefore, from the cargo compurtment to the tank

compartment. Pressurivzation air flow provides a continuous

purging of the tank compartment of any possible hydrogen gas

anccoumulatlion.  Blow-oub panels are provided in the separation

bulkhead for purposcs of safety in the event of a compartment

decompression failure. Tank shapes utilizing this isolation

concept. are ldentif'ied in subsequent charts as Basellne-A,

Options=1A, and Option-rA.

Hydrogen tunk and fuselage characteristics datna common to both tank ivolation
concepbs, exeept as noted, are swmarlsed on Tables 3 ang b,
Ivaluat ion dat: tfor the six study alrceratt are shown on Table U5, The data

are In Lhe form of differentinls compared to Baseline and Baseline-A Tor Option 1,
A, oy and PA. 1t can be readily seen from these data that common trends are
established for both tunk isolation concepts. The pressurized lLank compartment,
tank Igolation concept 2, requires the minimum fuel and gross weight to perform
bhe stated mission, therefore, only the evaluation data for this concept will be
disenssoed in detaili. Tank welght and boiloff fuel requirements for the bascline
shape are greater than those of the eylindrical option 1A tank. This advantage is
more Lhan of fset, however, by the lower weight of the bascline fuselage configura-
Lions as indicated by the summation of the bolloft fuel, tank, and fuselage welights.
This sun is 1070 ke (2801 1b) greater for the cylindrical tank when compared to the
baseline tank. The five-lobe option 'A tank exceeds the baseline tank in values

for all comparison parameters and is thus eliminated.
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TABLE b3, HYDROGEN TANK DATA — DESIGN OPTIONS

ST UNITS
3-LOBE CYLINDER 5-TLOBE
Fwd Tank
2
Section Area - m’ 9.3 9.9 10.3
Perimeter - m 11.89 10.97 13.2
Length - n 11.13 11.13 11.13
Surface Area - m- 129.4 12207 ihh, 1
Volume - . 97.5 98.6 107.1
Weipht - kp¥ L370.8 1346.3 1515
Mid Tank
(Same a3 Fwd Tank)
Ave Tank
Diameter — 1 ho1d 3.99 3.2
Churtace Area - mp 53.8 50.0 33.2
Velpht - g% 626 591 300.1
Mirerait Dot
Surtface Arcon - m'ﬂ‘ 312,60 295,00 307 .4
Voinme - m ; 230,00 2322 232,02
Lificiency - me/mlj 2.4k 2.58 2,37
Weight - ke 3367.5 3203.6 3h10.1

*incldes 00152 m insulation and tunk mounting provisions
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TABLE 43. HYDROGEN TANK DATA — DESIGN OPTIONS (Continued)

CUSTOMARY UNITS

Fwd Tank
Section Area - sq ft
Perimeter - ft
Length - ft
Surface Area - sq ft
Volume - cu ft
Weight - 1b¥
Mid Tank
(Same as Fwd Tank)
ATt Tank
Diameter - ft
Surface Area - sq Tt
Welght - 1b*

Alrerat™t Total

Fal

Surface Area - sg t
Volumne - cu ft
Efficiency - cu ft/sq ft

Weight - 1b*

3-LOBE CYL,INDER 5-LOBE
100.5 106.8 111.0
39.0 36.0 h3.3
36.5 36.5 36.5
1393 1321 1551
3l 3483 3783
3022 2968 33ho
13.58 13.69 10.66
579 538 357
1380 1303 338
3365 3180 3459
8200 8200 8200
2.0 2.58 2.37
Thol 1239 7518

¥Tncludes 6—1inch insulation and tank mounting provisions
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TABLE Ll.

FUSELAGE DATA — TANK OPTIONS

CUSTOMARY UNITS

Height - £

Width - Tt

Length - 't

Maximuwn Secetion Area — sq 't
bagulvalent Diameter - 't
Maximum Perimeter — 't
Pregsurivzed Volume - o 17t
Pregssurized Volume — cu 't#*

Gurface Area - sq {6

3-T,ORE CYLINDER 5-T,OBR
24,83 PT. 6T Lo

ok, 8h

8.7
29,623
1,671

11,87y

STOUNTTS

FBoight = m

Lenesth = m
Hegwirm Dection Area = 1m
Nquivalent Dinneter — m

Mexdiemm Perimeler — m

]

Proosunrivzed Yolume - m
-
. r A
Fresenrizned Volume — m ™ F

3
Surface Area — 1

= 1LORH CY LI HDIT 5—-LOBR
7.57 8003 (.52
T s 8,04
50,07 52,55 53,007
Whoov 6. 6N BT
FY [ (.88
23.99 25033 oh. 8

965,55
1,330,573

1,175.87

978, 0k
1,h13,h0

1,165.56

¥Presourived contiguration itdentified

as Baseline-A, Opt

1A, and Opt
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The threc-lobe Bascline-A configuration requires both the minimum mission fue |
and gross welght to perform the stated mission and is the selected configuration.
Lt selected configuration and the remaining five study aireratt are all deficient

i required fuel tank volume as shown on Table 4%, The selected configuration

=~

w3 . . . . .
(31 1% ) with the other atreralt reauiring tfrom o

3 . o S L3
) Lo a maximum of 2h.30 w (659 £47)

AL

requlires an additional 0.88 m

minimum of (.80 mC (06

Adjustments in
these volumes were not made as Lhe benefits of the seiccted cont'igurat.ion would
orly ues further masnitied trom thoe resulbing resizing etfect of increased Lank

woe e,

Uantion cnould be used in Lhe application off the above results Lo obher slid e,
oo felt bhet an lnsuffticionl number oft Masednre and Lank shapes were studiocd to
conclude that the multi-lobe tank would provide the optimum results under all cone

4

ditlons of micoion detinition, cargo compartment, Sive, basic fuse e radiug, and

ol by
St Propatsion byotem ~ The propulsion system consists of fonr pylon wivg-
motttoed by—paso rab o 1209% ongines ot bhe bype deseribed 1o Sectior 3.0 The sives

1

hectedt tor Lheoo wpplieations have son lovel shat e Chrust rat iy of 10O ,070 N

\

G980 b)) foe Lhee sl o sirera it and CLLTEG N (o0 1) o Lhe larege alreeatt.

Hronined operan e Shiruct roversors oo Theorporatod into cach Tnutal Lt ion.

Atovbe chesirn crnioe ol ibude of PELOTU e (000 LY it et Mol vumbier
‘ s . . . - k7 .
R L A TS ST EE I A FER OO consumpt iore o bobhoaieeratt Ta o] T/(ifii\l
1
Lo —/ 1 Prec Tand i Tt L b Bod Lot of Lhe Plguid bydeogen, Sheos spoei U len
rire
' ok, b . T T o b . i ‘
Lo s da I Loy b Ol S g (oo —/ 1) for Lhe smenll oo
S e b oy
RS Y S R PR N CE BT cenpet ive] .

5.4.1.3 Hydrogen System - Hydrogen system technology is described in Section 3.1.

The tank designs used for the nose loader cargo aircraft are of the non-integral type.
They differ in concept from that employed in the passenger aircraft (Section 4)
because of the irregular shape of the space available above the cargo compartment, and

because the aft tank did not occupy the full cross section of the fuselage.

Tank size characteristics and fuel boiloff data are given in Tables L6 and 47 for
the small and large nose loader alrcraft, respectively. Tank volumes shown are
greater than required to contain the stated fuel weight. The additional volume is
that required for fluid expansion, tank contraction, structure and equipment allow-
ance, and ullage. Inflight boiloff data are based upon a mission block time of

6.5 hours and an average fuel flow rate of 1,75% kg/hr (3867 1b/hr) for the small
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TARLE hé.  SMALL HYDROGEN NOSE LOADER TANK DATA

CUSTOMARY UNITS

GROBS USARLE SURFACH INPLTGH RO
TANK VOLUME FURT ARTA BOTLOME BOTLOR
L

DESORTHTION cu 't e gq th ] Fo/hir

el Sl L 13495 b oY

Pt ! NEAREs sohay AR Hisn ch

IS AR U P ACT TR T CROUND
AN RS IR PR AHIA BOTLOFE R LOFY
LR LT O e iy me L FOLTATEY

[P DL Bl Lol L Ll
Mid LY Ly Lok Lt Iih

At SEDRY INaeNt sl Mot Y

ot Clau NS SIPANON S0 [ERR
it . orrenpondioe vediuen Por Lo baegme siveeadt arve LLoet hours and 5500 ke nr
(7L o e lased— D pluotie Comn 0000 em Delx lnehes, thidek o oused
Porooryosord ircunlanion on oz tang exte vooguriaces,
LN Woolecht, Utbatemion

Woelehl prodiction o wecomplished throngh the utilivatlon of welpght porametele
Givie onbront boes Tne bicted Jo bhe performance progeaan deseribed In Boction So 9.
Forocnt it ing caeh o alreraft component. of structure

conninhent with Mil=itd=0%h ASG (Group Welght Statement ) (Ref-

e L) rand e resulbs o ace prosentoed for oeach Item in Lie specifie formal .
Thes e tul Tomned Ttems, or aperabing cquipment, Thems are ineluded, along with the

‘

Py boed weleht. The miosion fuel To inpat from the performance subroutines.  Group
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TABLE L7.

LARGE HYDROGEN NOSE LOADER TANK DATA

CUSTOMARY UNITS

GROSS USARBLE SURFACT, INHLIGHT GROUND
TANK VOLUME UL AREA BOILOFF BOLLOME
DESCRIPLTON® cu ft 1L Sq o 1b lb/hr
| 9100 34561 2rho 1400 14
2 1825 7'(33 615 95 s
3 RSISIS 20400 1570 Bho 96
Iy Sh00 553 1600 Q9% 115
5 4350 RS 1050 1y 87
Totad LN TO79H0 (615 3530 533

S1OUNTTS
GROSS USABLE SURFACE INPLIGHT GROUND
TANK VOLUME R ARBA BOLLOFH BOTLORY
DESCRIPTTON* m’3 kg m ke ke/hr
1 DY NI OhhL6 ulih By
S1.7 4508 S I3 19,5
199.9 TR o7 el Ll
E POy SRR 150 e Lo
g 13 8361 L1t ] 100 34
Tobel [21 .4 NBO6Y (075 1601 o

* See Figure 8L

staltomoento
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The performance characteristics of the inal design of Ll fueled nose loader

alreraft
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TABLI 48, GROUP WEIGHT STATEMENT: SMALL HYDROGEN NOGL LOADER

56,00 kg Payload, 5560 km Range, Mach 0.8% Specd
(15,000 1b Payload, 3000 n m Range, Mach 0.85% Spoed)

TR K1LOGRAM PO

Structure O L,660 BU L0639
Wing L1003 ch s
Priponnegge 1,537

-
(R

Horivontal Tail
Vertical Tall

Fuse e 1o .6
Landings Goar ) 1,510
RISRIE 1, 80Y
Main g 1o, 080
T D Lo i [7_","["11 o [),U()('W
RIS Y 1Lk
Py lon 1 4, 1h0

Proputsion oysten
} .

forge Tvnen { 1,009
Pl lyatem AN
Tt Hewversers byl
frodet L9y
LH ks ] { L 6h50
S NETATEN I S NI i)
Sy ctome el Fepioment oo ah PR
Aurilinry Power Dyotom ARTH
et Conboroin Louay
Frostorameth o Rt
My s e rnd Procumst o T
Bl b dend [IPPReIY
Ay ioni |
Pruetid stringrs L hoy
Alrconed it Tontgr and A I
S ] iy Henr = Mt bpment S0
Weelprhid Bimutly AR RIS IRH
et Dogn Bpadoent Fyhad S AT
Cperat Trgn Wedtht Gl 60y [ W
Uy Py bond SISy Lert 000
Yoo Pue b Weelhbl S I VAL TU'(,)‘.'(()
el L liho 3} He Y
Grose Welght b, 7 h SOt A
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TABLE ho. GROUP WEIGHT STATEMENT: LARGE HYDROGRN NOSk LOADER

113,400 kg Payload, 10,190 km Range, Mach 0.85 Speed
900 n mi Range, Mach 0.5 3peed)

(250,000 1b Payload,

ITEM

KITLOGRAM

POUND

Structure

Wing

Empennage
Horizontal Tail
Vertical ‘lail

Fuseiame

Landing Gear
NSRS
Maln

Nacolle and Pylon
Meperen L L

Pylon

Propulsion System
bngeines

el

Thrusth Beversoers
Tulet
Ll Manks

Migeet lnneoun

hemo and Boaipment
At Liary Power Dystem
Surtaoe Controlao

Irict et s

Hydeaud Tes and Pricumat ioes
Frpvetrieal

Avionies

Prarrishingrs

Aiprcomdibloning and Al

Auzilinry Gear - Bguid pment

Woelioht Empty
Operating Baquipment

Upceratingg Welght

Carpro Payload

YVero Puaet Weight

Bt

5L ,U"'ri'J
16,057
1,500
1,073
Lo

e

Gy A0

135, 3ho
3,00k

138,063
113, hoo

SO 0604
N, 005

300,068

DO8 L O1H

[ ’\)H‘{'

j()tj ,'([VJ‘,\

D50, B0

555,105
105 B3

LOL,9 5T

ol




Both the large and the small aircraft are constrained by the ©9.5 m/s (135 knot)
approswch speed consideration. The small airceraft has a relatively high thrust-to-
weel, Lnoratio which results from cruise matching at a relatively high altitude
coupled with its poorer L/D ratio. As a result, the takeoff distance is much
vhortor than the specitied requirement and it has been compromised by selection of
o low flap sotting off 0.0 radians (12 degrecs) which will result in good climby out
cricrascLeristics and relatively good noise characteristics. The thrust of the lurge
alreraft 1o more nearly matohed to meclt both cruise and takcoft requirenents and o
Minch larger tadeoft distarce results., A higher flap deflection of U.3% radians

todegnrecs ) hav been solected for this alreraft.  The takeoff distances were
determined aping commercinl rules at a fleld clevation of 305 m (1000 £4) und an
aonbiliont. Lemperature of S04 K (91)01“) and are 1708 and 218% m (5507 and 7270 £u) for
thee mmadl Loand Targe aireraft, respectively.  The landing distances at the same
,

ambient conditions and with commercial rules, are 2031 and 2304 m (7300 and 1,000 ')

3 b

revpect lvely, for Lthe small and large aiverar't.  The landing lap deflection is
co radiane (U0 degeees), As provioosly disenssed, a larger fuel percentage is

Tacireha i the danding welght off Lhe smal L ailreralt, Lhan for the Large ailreratt,

foopr bosut=rare dlagrrnn, Dneluding block fuel characteristics, for Lhe bydro-
s e Torader g lpe sttt To miven to Migure B0 These data have beon defited fop

mivvicn, o ferry misoion, and o shorh range polnt coarreying full Py Loty

Prone o thee Pimihed et gencratod I bhe parametric analysis, Lhe oxact curva—

et toee pagy bovid eeogte curves has nol been defined and the disytraan Do sebonmeet -

ly opreserndtiedd .

Yoedleean e iaen the maxImae paytond adlowed Tor bhe streuchburad we b

provided. Dlnee fuel ovolune requirvements are ercitienl ina hydroren fueloed air-
o t

Lher Tuedl eapac ity has beon detined by the desipn misciony all missions ot

or beyond Lhe desion point range ub il ize Lhe total fuel capnciby of the aircraflt.

A vomunary of Lhe corodynamic characterictics of these airerasft 1o given in

b 1] ;ﬂr‘w.";!l;( Lot T,

oL2



PAYLOAD - lb X 1000

HYDROGEN NOSE LOADER

120
250 o LARGE AIRCRAFT
—ceeme-= SMALL AIRCRAFT
100
200 }-
80
s
150 ,
50
2 6 )
3 oo
> 0 g
— 4 S
100 - ?ﬁ s 180 5
5
40 30 | =
B 2
m —4 60 1
=) i
H20 2 . =
P n 4
50 20 8 :
Jwo 3 B 2
“ 20 3
oL 0 L L ' ] A L 0 0
2 6 10 14
RANGE - km X 1000
L 1 1 L —l
0 2 4 6 8

RANGE - n m X 1000

Figure 86. Payload - Range/Block Fuel: Nose Loader Aircraft
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AERODYNAMTC CHARACTERISTICS: HYDROGEN-NOSELOADER

SMALL LARGE

oy

Wing Arca - m' (ft°) oh0L 06 (2584) WE3L 38 (5003)
Wirgm t/c - Percent 11.h9 11.07

Wirys Aspect Ratio 9 9

Tnitial Cruise Wing Loading - ke/m’ 558.60 G o
lnitind Cruice Wing Loading — 1b/ft" Pl ohe 125,05
Initial Cruise © RINE LH00

Il

initial Croise L/D Ratio 16,00 18,073

Ll Al peraft, Price and Operabing Cost

Unit price for She small adreraft i 10 million dollars and for the large
direratt ALl mitlion doilaes. Blements of bhese unit prices are given in
TPt le L. Diirect oporat logr cost for the smalloand large aircraft are respectively,
S cpnd RO s Rk (L0 aond .86 U/Ton noml. ), based upon s yeariy ulilivntion
Gt sl ard B000 hours and otz lengeths oft S 560 and 10,190 kilometers (3000 and
S et len ]l omi les by roed the cost ol LH

spociftiod In Lhe study sutdetines.

Gl Y DROGEE s THG AT CONFTGURATTON

G010 Uonfigaration Deseription

Tiee swing tall alreraft shown in Pipgures B oand 88 are configured to salisfy
fhee come micoion proflles as Lhe nose loader alrecraft just desceribed.  Again, both
Givernrt have a ceuise spocd capability of Mach 0,85, 'The configuration deserip-
Lione are ddeanieal Lo comparable hydrogen nose loader aircraft deseribed in Para-

sreaphe U L with the Tollowing oxeept fonga:
e ''nnk configuralion and location

e High wing position for large aircraft

2Ll



TARLE 50. PRICE SUMMARY — HYDROGEN NOSE LOADER ATRCRAFT

COST IN $1o6

RANGE SMALL LARGE
Development
Airframe 8540.6 $1,033.7
Engine 390.0 578.3
Avionics - -
Total $930.6 $1,612.0
Production
Airframe Manufacturing Cost $ 8.6 $  18.h
Other Airframe Cost 4.8 10. 4
Sustaining Engineering 0.6 1.3
Tool Maintenance 0.8 1.8
Quality Assurance 0.9 1.8
Miscellaneous 0.2 0.5
Profit 1.7 3.8
Warranty 0.6 1.2
Tngine 3.0 5.6
Avionics 0.5 0.5
Subtotal $ 16.9 $ 349
R&D per Adircraft* 2.3 L,2
Total Aircraft Price ¢ 19.2 $  39.1

¥Based on 350 aircraft and 2000 engines

2hs5




! 7112 MM,
ey ! (2800 IN)

W 3048 MM
j | /(120.0 IN.) i
g
;
5639MM,
(2220 IN)
7432 MM, je—
(2926 IN.)
SECTION A-A
46.8M.
(1534FT)

r——10.9 M.——i
(359FT)




(1015FT)

59.5M.
(1953FT)




15.9M.
(523FT)

SURFACE CHARACTERISTICS

ITEM WING HORIZ. YERT
AREA-SQ M (SQ.FT) 24294(2615) 2546 (2740) 3426 (368.8)
SWEEP -RAD(DEG.) 052(30) 061(395) 061(35)
ASPECT RATIO 900 470 124
TAPER RATIO QA 04 o8
t/c-% 1149 85 85

VOLUME DATA
ITEM CU. M, CUFT
FWD TANK 11327 4000
AF T TANK 113.27 4000
TOTAL 22654 8000

Figure 87. Ceneral Arrangement - Ly Fuel,
Cargo Transport, Small Swing Tail
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HING HORIZ, YERT

AREA-SOIMISC FT) 4986 15367) 48.3(520) 639(688)
SWEEP-RAD.(DEG) 0.52(30)

0.61(35) 061(35)
ASPECT RATl. 90 47 124
TAPER RATIO 04 O4 o8
tic 11.07 8% 8%

YOLUME DATA
TEM CUM  CufFT_

FWD SECTION TANK 2630 9287
CENTER SECTION-
FwD TANK 868

3066

MID TANK 810 2861
AFT TANK 810 2861
AFT SECTION TANK 2357 8325
TOTAL 7475 26400

Figure 88. General Arrangement - LH, Fuel,

Cargo Transport, Large Swing Tail
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® Access to cargo compartment
e Areas of pressurization

The small airecralt has two equal volume tanks located in unpressurized areas
immediately forward and aft of the cargo compartment. The forward tank 1is spherical
in shape while the aft conforms closely o the aft fuselage taper and consists of
spherical end domes of slightly different diameters connected by a tapering section.
Phe large aircraft also has two tanks located in unpressurized areas fore and aft
of the cargo compartment and, in addition, has three multilobe tanks located above
the cargo compartment. The fuel is essentially balanced around the cg of the

aireralft for both cargo transport versions.

The high wing position for the large aircrafi was dictated by the requirement
for proper engine nacelle ground clearance while not exceeding a L.t meter maxi-

mum czreo loor height above the ground.

(Cargo access Lo the alreraft is provided by swinging the tail horizontally
Lo radians (QU degrccs). The service to the tail section is continuous and 1s
ol disconnected ot any time. This includes control cables, electrical service,

hydraul ic, fuel and vent lines.

The: centoer fuselage, which contains the cargo compartment, is pressurived and
Lan s dome on cither extreme. The {light station 1s also pressurized bul is
28

separated from the cargo compurtment by an unpressurized aren containing the forward

L, tank.  This prevents inflight access to the cargo compartment.

Wive—lobe tanks were sclected for use in the large swing tall alrceraft due to
fhe restrictbed arca above the cargo compartment. A tradeoff of added boiloff dun
{6 bLhe increased surface-to-volume ratio of the tanks versus the increased fusclage
length required to contain the required fuel in more efficient three-lobe tanks
indicated that complete utilization of Lhe area above the cargo compartment was

the more cost effective solution.

5.5.1.1 Propulsion System - The propulsion system consists of four pylon wing-

mounted Ly-pass ratio 12.95 engines {(refer to Section 3.2) with sea level static
Lhrust of 108,181 N (24,320 1b) for the small aircraft and 218,501 N (49,130 1b)
for the larse aircraft. Ground operable thrust reversers are incorporated into

cach engine installation.
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At the design cruise altitude of 10,973 m (36,000 ft) and cruise Mach number

g s 1Py
hr/daN (0200 hr/Lb).

lneluding inflight boiloff of the liquid hydrogen, these specifics become 0..19 and

of 0.8% the speeific fuel consumption for both aircraft is 0.213

o kg . . .
0.0 }A/daN tor the small and large aircraft, respectively.

i

5.5.1.7 Hydrogen System - Tank sive characteristics and fuel bolloeff data are smiven

in Tables 51 and S5 for the small and large swing tall aircraft respectively .  In-
A & b

rlisht boilot! datn are based upon & mission block time of G54 hours and a Tuel

qverase flow rate of 1780 kg/hr for the small aircraft. These valucs for the large

aireradt are 11.607 hours and 3hel ke/hr.  Closed-cell plastic foam insalation

Pl em (six inches) thick 1o used on all tank exterior surfaces.

TARLE 51, SMALL HYDROGEN Swing TATI TANK DATA

CUSTOMARY UNTTS
[BIIDINHS JOABLE SURFACHE FNELLGHT GEROTIRD
[Tl VO RN AlEA RO LD BOT oK
Dks ol T ETTON RPN |t o b b/ he
Hd APTNIS BUnE IS 316 R
Aot l\l‘,‘UU 17“';'}!'\ IBER )4‘.“) i)
. S RN AN (il L'y
O1UN TS
IS Usif kL SURIACE TR TOHY GHOUTND
TANE VUL AN AHIUA BT HOWE O T LOP
PR T m kg m lpr /b
Nl TR o b1y, 9 1h <8
ATt I 5 (o0 [ L ny
Ve by, b i‘y;“"/(‘ sllL 1 (\“A
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TABLE 52.

LARGE HYDROGEN SWING TAIL TANK DATA

CUSTOMARY UNITS
GROSS USABLE SURFACE INFLIGHT GROUND
TANK VOLUME FUEL AREA BOILOKF BOILOFF
DESCRIPTION® cu ft 1b sq ft 1b 1b/hr
L 9287 395068 2280 1090 160
2 3066 12898 19173 1072 135
3 2861 12035 1hha 1017 109
i 2861 12035 1hh1 1017 102
5 8324 35000 2562 1195 180
Total 26EL00 111058 9637 5391 679
SI UNITS
(ROSS USABLE SURFACE INFLIGHT GROUND
TANK VOLUME FUBL AREA BOILOWF BOILOWK
DESCRIPTTONX mn3 ke me ke kg/hr
I 263.0 1772l 211.8 Lol I
o 86.8 5850 1777 W86 &1
3 B1.0 5h5Y 133.9 hel ho .
h B1.0 5L5G 143.9 4ol No.D
5 5 15886 38,0 5L 8,
Total b6 50475 895.3 2hhs 308

* See Figure 88

L, L )

5.5.2 Weight Statement

Weight, prediction methods are described in Section 5.3 and discussion of welght
statements in Paragraph 5.4.2. Group weight statements for the swing tail alrcraft

are presented on Tables 53 and 5l
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TABLE 93. GROUF WBEIGHT

50,700 kg Payload,

STATEMENT: SMALL

5560 km Range, Mach 0.8% Specd

HYDROGEN SWING

TALL

(175,000 1b Payload, 3000 n m Range, Mach 0.85% Speed)

ITEM

KILOGRAM

POUND

Structure
Wings
AU Te

Horivontal Tall
Vot Teal Tall

Bl e

Pevndingt Gear
i
Mo ln

Mlevovc d le arad Py lon
gl 1o

vy lon

Prooalsion Pycten
Frgmines
[ Dyoten
Phirirst, Howvoroors
[rrien,

S Tk o

Moo [areeon

yotoemn

fusiLinry
Ol i ondeo o

{oranme b

feanul Teo o Promnat fen

IR

Sow ot

Haeriatiiteen

Aireomdtit Tonins el Al
fored Tlary Gosr ~ fqulpment,

Wioelrht fmpny

Operat o Bgudpment

Opecret i Wo it

.

Lorppitoy “1/ Prarged

Foeroy Bl Wel b,

e |

Grose Weignt

Lo on]
11,484
1,558
T
811
20,18k
), 030
HE0
5,820
l’,35()
GO

1 ,“5()

13,713
7L o0l

G5, 1LY
f"/; 3 ‘])L{

3,391
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TABLE 5Lk. GROUP WEIGHT STATEMENT LARGE HYDROGEN SWING TATL

113,400 kg Payload, 10,190 km Range, Mach 0.85 Speed
(750,000 1b Payload, 5500 n m Range, Mach 0.85 Speed)

ITEM KILOGRAM POUND

Structure 98, 086 ol o
Wi 33,708 Th, 3T
Empennage 2,008 60
Horizontal Tail 1,0y 3,00
Vertical Tail 1,076 3,066
tuselage b, oy Ol , 091
Landing Gear 14,0659 30, 301
Nose 1,905 W, 199
Main 12, 7hy SHL 100
Nectle and Pylon TS 11,001
Hocolle 1,504 o8

Py lon 3,000 6,813
Propulsion System 32,914 2,564
bngines 16,77h 36,981

Puel Syustoem
Thrust, Hovercers
[ritet

LI, Tanks

Miceol bancous

Oyotems and FHguipment
Auxilinry Power Hystoem
suriace Controls
ITustruments
dydraulics and Pneumntices
Mleebrical
Avionios
Furnishings
Aireonditioning and Al

Auxillary Gear - Lgulpment

Woelpht Bmply
Operal ing Boul pment,

Operat ing Woelght
Cargo Payload

soro Fuel Welpght
Fuel

Gross Welght

1,618
Lyhael
1,037
10,07Y
348

11,630
33
2oLy
H18
1,959
IR
o
ANRASTH
1,599
114

143,530
3,000

hérre
113,000

260,170
Lo bz

309,604

2,007
RN
AN
b, 048
3,510
295
316,050

7,150

303,580
250,000

13,580
108,978

680,560
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5.5.3  Perlormance

Tre performance characteristics of the selected hydrogen swing tail alrerati
are very cimilar to those defined for the hydrogen nose loader aircratty bhoy e

Gleo constrained by the ©9.5 m/s approach speed condition.
¥

e LikenTf distances are 1750 and 2188 m for the small and large aireraft,
pospect ively . The langing distances for the omall and large alrveratt are 00051

crod i my, respectively.

The paylosd=range and tlock fuel data are given in Figure o9,

A cwmmeary ol bl aerodynamico characteristics of these swing tail ajreralt 1o

o

sriverr Gt ol lowling bable.

ARRODYNAMIC CHARACTIR IO HYDROGEN SWIRG TATE

SMALL LARGHE
Witgr Apves — om Lt chi o (001Y) WOR L {0
Wite Lo = ey [Lho S0
Wiy e M et i} )
Coh ] e Wi Leed it = we/m L LR BRI
Pl il e Wit Levading — TL/0Y P [
Tt il Upmpioee 10 ey O '

[
Probh b e S e o Lis, o .
Sl foipera it Preloe sand Operating Coot

Uit peice Por Lhe omeel D aleersdt tno 1L million dollars and tor the largse
et Te ALk mid L ion ol bars. Blements of these unitoprices ars riven in
Table 55. Direct operating cost for the small and large aircraft are,

P bvety, b and ALl ¢ M (5,75 sd .00 ¢/ Ton namic) based upon o yene by

P Tt Ten it SnGie caat 000 hours and obage Tongbhs of 5500 and [0, 190 KiTometers.,
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PAYLOAD - 1b X 1000

120 HYDROGEN SWING TAIL

250 LARGE AIRCRAFT
e = = —= SMALL AIRCRAFT
100 |-
200
80
aL
=
150 | |
a
b7 o |- —‘ 50
IS} 100
| — = = — - .
> _\ 8
< 140 S
100 b a S = 80 T
, >
0 r 30 2 =
S —160
1 b ExJJ
) — 20 [ o]
50 |- 20 L Q 140
— O v
. —
-~ o« 20 3
L Pk . ' g
L i L \ : 1 ] L Jo
0 0 V) 3 10 14 0
RANGE - km X 1000
L i Il 1 I |
0 8

4
RANGE - n m X 1000

Figure 89. Payload - Range/Block Fuel: Swing Tail Aircraft
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TABLE 55. PRICE SUMMARY — HYDROGEN SWING TAII, AIRCRAFT

COST TN $10

6

RANGE

SMALL

LARGT

Developunent
Adrframe
Ingine
Avionies

Total

Production

Airtrame Manufacturing Cost
Other Alrframe Cost
Sustaining Fngineering
Tool Maintenanece
Ouiel ity Ansnrance

Taneons

Wisee!
rot'it
Warranty

Frrine

Avionies
Subtotal
R&D per Alrceraft®

Toytal Adreraft Price

3548,9

L00.0

41,067.8

N
g
.

[y

*liased

o 350 alreraft and 2000 engines
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5.6 HYDROGEN ATRCRAFT CONEFIGURATION SELECTION

In this section the two liguid hydrogen fueled carso asircraft, the nose loader
and swing tall ronfigurations, are comparcd on the basis of terminal operationsal
environment compatibility, maintenance, safety, and pertformance. One contiguralion
ig selected for subsequent comparison with reference designs of Jet A fueled air-

eraft to 1llustrate the potential benefits of using hydrogen fuel.

S5.0.1 0 Terminal Operations and Maintenance

The carpo Lerminal operational environment envisioned for the 1990 to 14Uy
cargo alreralt s one of maximum automation. Airecraft will be posltioneod at gate
arcas adjacent to (ixed base cargo terminals. lLoading "tfingers”" will extend from

the Lerminal such that when the cargo compartment floor is aligned with this

"Finger” 16 in effect beeomes an cxtension of bhe terminal floor.  Automoted losi-
Lrige will beoased Lo move loaded contalners from the terminal, over Lhe

Pinger and into the carco compartment In oa miniown olapsed time.  The nose loader

contlouration o more compatible Lo bhe fixed base berminal Lhan Lhe swiig tall

condf temrat ton. With Lhe nose visor door cpen the alreraft can be taxicd into pooni-

"o . . . - N .
Piuger.”  However, the swing Loll alreraft would

Biom Lo meaebe with the Lorminsl
rogulre o borminal Cinger thot io exbonded bo mate with Lhe swing fLall alreratt

RN RETLN

«d oaud the aft fuselape 1o rotated to provide access Lo Ll coreo
comprytment s A Targer ol arca 1o alao regquired by tLhe swing tail airveralt Lo
prowvide o learanec Por bher o af't fuselame robat ion,

Adreeaft maintonnnes an L pertaing Lo bydrogen bank removal T3 complox to
portorn on bhe swing Lol L adreratt when comparced Lo pertforming the same Dunebion

O L nose Lomder. Nang romoval oon bhe swing tall reqgquoires o station plane joint

Pded In the e lnee straetburo. Separation off the fuselage sections at Lhio
Jodnt nllows Lhe tank Lo be removed.  Thils separation of the fuselape and remating
npon conpielion off Lank maintonance will eequire complex ground supnort oquipment, .
Ao bo bhe nose Tonder tuselage upper Jobe banks 1o provided by removable strue-
Al prnelo, These pancls would be Jocated along the crown of Lhe upper lobe.

oo removal oof Lhe panaols the Lanko could then be holsted vertically tor removel .

The att Cuvelagse temb would be removed through fuselage lTower curfuce doors.

e control o and fuel systems which muct opan the binge Joint of the aft fuse-

Prgmee o bhe swing tall alreratt will add complexity to the roubine mainboenarnce tisk.
i ! ¥
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S Dately

Vpeelfic areas of concern regarding safety of hydrogen fucled aircratt urc
dicccoed in Seetion 4.6.0. 0 Although the safety aspects of thoe Lwo contisurations
Of carro alreraft are considered to be approximatcely cquivalent, there are some
dieabions Lie nose loader is the safer ailreraft.  The major portion of the hydro-
el el ie conboained in tanks above the cargo compartment which ofifers some e

e teaet Son fe Lhe bonks shonld the atreradtt Lo involved inoan accident durine the

i

DT o Lt it meode. A potenbial source of hydrogen gos Pesbhs and Lheretore o
£ {

Srgpr Laidoartt fhoe-

Goaree o s pobont il natety havard s othoe hingre Joint ot the o
Bycdrogoorn Puce b Dines muot opan Lols Jolnt and are subjoctod Lo nbuse eocd

Py b ot Taoebigeme To o robatod.

PRI o ormeagiee:

Gt e sd chaeneborioties cnmpare oo o Ghe nose fonder ad ow i Loaid

cn T b e priverr i abtons B6 onoed B0 The Tnetor (VDN ) cobmn on bl

A s Lol bt provangetor st Lo nosee Londer nn fobies
brocven Dot bor ol Lhese datas chows Dhuth portormanen P imdced by b nose
Poveoe coniierat ion. O Tnberent Lo onone on Lo v Lo ety Shas sl heongth
g Wil Pt e wen bt nipeens JoosloniCieant oy beos tlow the nose coder bk
T T T T OF ST ISV ESTRN IUFL U "0 PR YRS BFR ST Ve swines beld o airerart oo olidhbly preenter
Db ol ot G e Tosdder adreeadtts Mhils Tndienton for Lhio paybomd and ronge
corpernd Ty, Pnee b P ioney Teof anores Pportoree L bk 00T Toney

S e vwrtres bt acbeeratthy Bhe oot boomindimine o brgne et Lo
ottt o Db e i et L0 robab Ton g be dictated the plaeoment. of by drogen
cok s b b eserro ceomparbmenct o e use oft bhese L—tot ks

cond e Lot we e arens o bl wwingn tal b slreradt beDrgr preeatbor Bl cor—

pospand D cpeeern o Lhee none Ponder contierat Do,

[ T TR RS B

Coqne bid e Ueom BRe by the nose Tosuder contimurat Ton e sdvantegtes T

Db termined) cperstionn] environment , owadntensnes, oty and performanec cowparead

Do hrurat ion. With NAUA concurrence, bhe nose Jonder wie
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sclected as the LI configuration to be compared to the reference Jet A fueled

careo atreraft,

LUf 0 RERERKNCE (JRT A) CARGO ATRCRAFT

-

1

A prarametric analysis identical to that described In Scetlon H.3 for tone hydro-
con tfueled carpo aireraft was performed to determine preferrved design characteristics
for the retercnce (Jet A-fuclted) aircraft. ‘able %8 shows the reoults of thiw
snalysis,  Oince the fuel requlred by thege vehicles is about three times preater,
by weipht, than is required by the hydrogen tueled aircraft designed for thoe same
wicsion, the churacteristics of these aireraft vary from those described for the
hydrogen contimrations.  For example, the larpe airceraft i constrained by the

S met o takeott distance requlrement rather than by approach speed.  Sinee 1L 1o
deriued by takeo!t requircements wiiceh are senoitive Lo availoble torust, bthers i
muct larrer wings losadingn vieeiatb lon with aopecot ratio than I associated with Lie

spproreh concbraint whiel IToonot dependent, onoaval lable thrast.,

The cmea b Dot A g ireratt io sivzed by Lhe landing: approach specd constraint g
Pvwoyir, Liee Lakoott distonce s oabont <96 m (1,400 ) rreator than for the omel |
fydeveren e led alveratt boeanse ot the preater takoeol ! weisht, which results throm
Ghe mieh Targmee el woeieht of the Jeb A alreratt.  Au Shown in the tabulation, the
caent U et A e rath tres oo mitioian DO st an anpect o pal io of L0, sl bhougsh the variia-

fhon i Lo onopoet ratio Por thic contiguration s vory smel 1.

St Contimaration Deseription

Thie Job A careo aireratt shown in Pieures 00 and 91 are confipured to perform
Lhe specilfied micoions at o ceruise speed of Mach 0,85, RBoth the small and Iarge
Job A scireralt bave essentially the same contiguration deseription as stated for
bl hiydroren nose londer aleerat’t in Sectblon S5.000 of thiv report, with the tollow-

Prpn cxeephions:
o Pul storase 16 roelocated from Mscelage tanks to wing tanks.

®  The nppor Maselage bhydeopen tank storage lobe is removed, althougerh Lhe bacie

fruse e diameter s Lhe same.
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3048 M
(1200 IN

A1
5639MM [a— |
(220.0IN)
7432 MM.
(292.6 IN)
SECTION A-A

5.3 M.

(1683FT)

r————413M—~—*%
(369 FT)




"

S
6756 MM.
4 (2660 IN)
: 314 M———
(1031 FT.)
265M
(B6&B FT)
a
| ]

}‘ 56.6 M.
(1856FT)



SURFACE CHARACTERISTICS

WING HORIZ. VERT.
AREA.SQ M. (SQ FT) 2632 (2833) 269(289:6) 42.3 (4550)
SWEEP-RAD (DEG? 052 (30f 061(35) 061(35)
———{ ASPECT RATIO 000 470 1.24
TAPER RATIO 0.40 040 080
t/c - "y 85 85

170 M.
(558 F1.)

- Figure 90. General Arrangement - Jet A Fuel,
Small Cargo Transport
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1
7 1 6756 MM,
3048 MM‘QGB‘.O\N‘\

t (1200 1IN) i

. F_.,,,,g,

2220 IN)

7432 MM.
2926 IN)

- B1L.7M
(2681 FT)



SURFACE CHARACTERISUCS
WING HORIZ. VERT.

6581 (7084)81.7( B879)|1146(1234)

AREA-SQ. M.(SQ. FT)
052(30) 061(35) | 081 (39)
90 a7

SWEEP-RAD (DEG)

ASPECT RATIO X ; 124
TAPER RATIO 04 04 o8
t/c e 123 85 85

|
203 M.
(665 FT1.)

|

General Arrangement - Jet A Fuel,

Figure 9l.
Large Cargo Transport

269



e The large aircraft uses a high-wing position rather than the mid-wing posi-
tion of the large hydrogen aircraft to maintain nacelle ground clearance
while not exceeding a floor height dimension of L.72 meters (15.5 feet).

The double-lobe type fuselage shape of the hydrogen aircraft with its struc-
tural tile at the intersection of the two lobes is compatible with the mid-
wing position. However, the single upper contour fuselage shape of the

Jet A aircraft with its unbroken upper fuselage structural rings is not

readily adaptable to the mid-wing position.

5.7.1.1 Propulsion System - The propulsion system consists of four pylon wing-

mounted by-pass ratic 10.9 engines (see Section 3.2) with sea level static thrust
of 113,029 N (29,140 1b) for the small aircraft and 258,397 N (58,090 1b) for the

large aircraft. Ground operable thrust reversers are incorporated into each engine,

At the design cruise altitude of 10,973 m (36,000 ft) and cruise Mach number
of 0.85 the specific fuel consumption for both aircraft is 0.620 %%/daN (0.608 %%%lb).

5.7.2 Weight Statement

Weight prediction methods are described in Section 5.3 and discussion of welght
statements in Paragraph 5.4.2. Group weight statements for the reference (Jet A)
aircraft are presented on Tables 59 and 60.

5.7.3 Performance

The performance characteristics of the Jet A aircraft differ from those of the
hydrogen fueled alrcraft in several ways. First, the large Jet A aircraft is con-
strained by the 2Lh0 m (8000 ft) takeoff field length requirement while all the
other aircraft are sized by the approach speed condition. Second, the payload-
range diagrams have the more customary shape which results when the aircraft have

more fuel capacity than is required for the design mission.

The takceolT distance of the small aircraft is given for a 0.21 radian (12 de-
proe) flap deflection and is 2207 m ((2h0 ft); the takeoff distance of the large
aireraft is given for 0.35% radian (20 degrees) flap deflection and is 2440 m
(KOOU tt). Landing distances are 2216 and 2143 m (7270 and 7030 ft) for the small
and large aircraft, respectively. The payload-range and block fuel characteristics

for these aircraft are given in Figure 92.
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TARLE %9. GROUP WEIGHT STATEMENT: SMALL JET A NOSE LOADER

56,700 kg Payload, 5560 km Range, Mach 0.85 Speed
(125,000 1b Payload, 3000 n m Range, Mach 0.85 Speed )

TTEM

KILOGRAM

POUND

otructure

Wing

LMpCHnaEse
Horizontal Tail
Vertical Tail

Fuselage

landing Gear
Nose
Main

linncelle and Pylon
Nepcel Lo
Pylon

Propulsion System
Brigines
Fuel System
Thrust, Heversers
[nntet
HL‘) Tearikos
Misceel Laneous

Uyotems and Bagulpment
Auxitiary Power Systoem
Suritiee Uontbrols
inotruments
Aydrasulics and Pneamatices
Wicethrieonl
Avionics
Furnisiings
fMroeonditioning and Al

Auxiliary Gear - Kqgulpmentl

Weight Empty
Operabt ing Bqulpment

Opeyating Welght
Cargo Payload

Zero Fuel Welght

el

+
L

firoos Wolst

1,538
10,381
1,748
793
955
17,690
7,249
9l
6,307
2 LT0
9h3
1,527

11,350
8,286
1,167

51
95

(J
165

5,591
255
L, 765
23
SR

1,

Ot
1,777¢
L, 358

GO

31
Y
2+

{
)

G, WY

oy oy
o ,/'1))4'

63,708
56,700

120,408
41,083

161,591

91,575
2,095
3,855
1,749
2,106
38,998
15,98°
2,078
13,90k
E),)l)tf)
2,079
3,366

25,034
18,267
2,573
1,655
O,H10
O

Loy

18,940
561
3,801
56
1,813
AL
oL, Lf5
3,907
DL90h
13

13%,5h9
W, 906

Lho,hss
125,000

265 h55
90,572

356,007
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TARLM 0. GROUP WEIGHT

1 3,h00 ke Payload,
{050,000 1b Payltoad, 5500 n m Range, Mach

STATEMENT: LA

RGE JET A NOOE LOADER

1

10,190 km Range, Mach 0.8% Speed

Spoed)

ITEM

KILOGRAM

POUND

Structure
Wirgr
bmperireLine
Horisontal Tall
Vert Tondl Tail
aselaeme
Do g Hedr

and Ty lon

st B proent

-51"_",‘ Proaweer \.‘\.\‘,".“1,{‘[(\
e e thonboee s
frcioemen b oo

ST I I STARRI(IEER!

[FENE

03,060
50,00k

b ey

A RSB
VRN SR
1KY 5 156

e out

SPREY

S0, LIS

IR RNV
iR

l)L)(‘) ’, M“’u"l‘

SN

RIS I L)
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Acrodynanic

characteristics of the Jot A alreraft

are given in the

following:

[T SR IR
AVTODYHAMTC CHARACTERIGTICS-JET A NOSELOADER
aMalh
K hl . B . . .
Wi Aoy — o T oG {35 S8 [ P
Wings oo = Percent . .
Wires fAspect Retlo 10 9
.,) Ay i N - : . -
b itinl Cenice Wing Loading =kg/m Lpst) PN (1P 0] so° {Loilan)
fninia Hiae LY N
)
inil e o ERRSURIK REI CGOL G
Looh Yioreratt Predee ol O ingr oot
Crltoprien Por the ool sireradthoda LUl i Tt on dollars and For the T
Ty Lo mitlion ol lars. Elements oof these aalt prices are o given in
[rabilee 601 Tpeat conion for bhe sreed Doand feree sireratt o aro vespeetively
G0 caed i g e s b et hLep g o dai L) broed pen a0 wene by abi v Ton
G o e s hones el stegne Tengrbbin ol i and TO TR0 R
b LH2 VS JET A CARGO ATRCRAFT
Lo b e ivet by Ll ase off Piguid bydrogmen nson e d
Y T LNS T RN TR A B PR O caan it a0 bhe ol lowings poarigreaphs by compring Lhie oo
oottt bonder bt Wit Dl reroecnes Jdob A Puclod nireradt,
dated P fornns e
A ocaenmary ol peretormaneo and ot oriabie doba 1s o givern in Thabies O arnd
P e bbb [ i hydropen nose Tondoer and referenes Jot A aireratt. Data or
SRRVENIRN Pooad Lo pertorn cnedn 0F Lo denin micoions are civen and comnpared by
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TARLE 61. PRICE SUMMARY - JET A CARGO AIRCRAFT

COST IN 3106

RANGE SMALT, LARGE
Development

Airframe $520.73 $1,091.7
Engine 18,4 580.0

Avionics - -
Total 3938.7 &1 ,671.7

Production

Arframe Manufacturing Cost S8.0h g 1.7
Other Alrframe Cost o7 10.0
Sustaining Ingineering 0.6 1.3
Tool Maintenance 0.8 o7
Qunlity Assurance 0.8 1.8
Miscel laneous Q.2 0.9
Profit 1.7 3.0
Wirranty 0.6 1.]
Frsine 2.5 5.5
Avionicos 0.5 0.5
Subtotal $ 1641 S 33,7
*elh per Alreraflt 2.3 b3
Total Aireratt Price $ 18.4 hig 38.0

N

¥Rased on 350 aircraft and 2000 engines
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e of Lhe eatio (Jet A/LH ) tor each paramcter. The

Cone are established from these data.

Alreraft

tollowing trends and corne b

Giee comparisons for both mission capablilities favor the hydrogen the

i

direratt . Arcs required at the berminal gate 1s less for both Lhe cmall and lTarge
LH alreratfi.
firocs welshts of the small and Jarge Jot A fucted aireoratt are bigher by b

poreent comparaod Lo Lhe respective LH aircraft.

.

covntberpart

gy primarily the resolt of the nigh-cnergy contoent poer unit welrbl of Pilaguid b =
o no irdieabod by block tael welshts of the Jdet A airveratt which are approxinmoat. by
e oand aa b i sreater than those of the hydrogoen aireratt,

Dompar Ty P ivE=to=drng (L,/D) pratios, it can be seen that the Joet A ailrorat
b o bbeheer 3/ than bl correspondingg hydrogsen gireraft.  dt i also shown
Pt Db Loeyre olre ety bbb byddrogen and Jdot AL contioured Lo perforn Lhe
VEghos e vy load mission, Gehiiove o bigher /D bheon Lhe smald o aleerattoeo ivured
fre et i S0 s pay bond mission.

differern o

Theso

Ll oo B rone adreratty oan shown in Table O, have approximaboly Lhe sk
Crr oo U0 T Tond seve b Por Lne wing, empenieyte and propulaion prekoemes Slnee L
PR G STV AN CDEER O TR COMPAR OO PH, Wit W A CARGO ATRORART
(CRUICE DORGTTTON )
SRALL PAYTOAD EARGH PAYLOAD
(i AT LA AR
gy OO T IR T ARRY LR Lol OO L0101 NORROI
[ . i i
Dl te e i‘_‘f’li'!!i)
o Ui ) SISV AR L0068 L 008 O
I
¢ Clne bnding 0P 08 L0107 L0188 L016h
Y Cmnronnibhility)
o Ui ed) L 008 L D08 L0101 .09y
i
o et 0 SRR L0Pf9 L0059
[ :
(i) RN 0,507 0500 0. 50b
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hydrogen aircraft recquire greater fuselage volume than the Jet A aircraft to contain
the required large fuel volumes, the fuselage drag coefficient levels of the hydro-
son alreralt are higher than the Jet A aircraft fuselage drag coevficient levels.  The
smac ]l ailreralt have approxinately equal induced drapy eoefficicents. The 1t coe?fficlent
of the Jet A aireraft does not result in o greater induced drag lTevel due teo the Jet A
aspect ratic 10 wing ags compared to the aspeet ratio 9 wing on the bvidroger aireratt.

Althowsh the large alrceraft have higher induced drag levels than the small air-
cratt , thoy have the beost L/D ratios because of their lower fuselage drag lTovel

coctlicients.  These fuselase drag lovel coefficients are lower for Lhe Pollowing

QSIS RELO) RSN

e Althowush Lhe fusclages are much larger for the large aireraft, Lhe drag
coctticient 1o referenced Lo Lhe wing arco which is increased much more
significantly trom Lhe cmall Lo the lurge miscion than the {fuselage wetted
nren — this 1o copecially true of the larce Jet, A aireraft because of the

large wingt arco bthio alreraft has lmoosed on it by Lthe takeorf distunce

swosbraint .

e [he irncronsed Length of the loree fuselare and the reculting high Reynolds

tamboer roduce L okin friction coefficient o Lhe large taselage.

Alrport performnnee 75 not o privary input Lo the siving routice used Lo con-
Clenre Lhe cnepo sirera’t presentbod In o tods stady . As proviowsly discussed in
e b ioa L g, crui e meboed adrera o are detined Porocn rarmene of wing lomdinges
ard aupect rabioo and Lhen thee various constrainds are superimposod. Throee of the
Four aireraft, Lhe Lwo cmall airerat’t chown in Tablo G2 and the Taree hydrogen air-
cratt o whone charachberistics are Listed in Table G4, are constrained by the O90% m/s
(30 knot ) approach condition and, conscquent ly, provide shorter ficld lengths than
Lhe chivo w (B000 L) reguircment.. The foneth aiveraft, Lhe large Jel, Ay is con-

stradresd by bhe sproeitiod Lakeof D field lTengbh and as o resulty produces approach

specdn Tons bhan S90S mls (13Y knots ).

Alvneoeth identical desipgn point miscions were used to establish characteristics
of both the Jeb A and hydrogen aireraft, it should be noted that the Jet A aireraft

e

—desicn point missions, see Figures 86 and 92.

ctifer o preater | dibility for ot
Pue: wvoiume i excess of that required to perform the desipn point mission 1s not
provided in the hydrogen alverart. This Is necessitated by the low density, high

volume characteristics of the hydropgen tuel. The Jet A aireraft can be provided,
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it o minimum pennlty, with fuel volumes 1.213 and 1.613 times greater, for the small

and lavee aireraft respectively, than is required to perform the design point mission.

ThHic excess fucl volume in the Jet A aivceratt provides the ability at a constant

S

progs woight condition Lo trade payload for additional fuel and hence grester rangco

capability.  The hydrogen airceraft however can achieve only a slight increase In

eyt

runge eapablility beyond the desirn range by oftf=loanding payload Lo rodice gross welbmnt.

LLEL s Unit Price and Operational Cost

firveratt unit price aud direct operating cost (DOC)Y data are snmmarived in
Treby Lo s, Ihe UO0TS wepre calenlatod using the baseline price for the two thels
coban] ioted ab i onbacel of bhe stindy. The datn Dn the table shiows that ot bl
arbitoeeey Suel prices Lhe Jeb A adveeaft hove o Jower DOCL Howover, no poay Lond oy
pouys care srercnsend, Lne hydroson Paeted ol reradt becomed more competitive with

|

D el A e lod airersafb. o DOU G renee betwesn bhe bwo smalboadceruft io npproxd-

mheiy bou ]l nereont of Lhe Jdet A DOU S wherons Tor Lhe Tarre aireraft this Jd0tiereneo
K § > :

only Ao pereent.

P BRE ot henoibivities — Senoitivity analyses are presentod whicho conslder

Canion of Lhrer dieect oveeat i cont paeanetorsy fuclocontoyalee e

T ion b, and modatenanee cont . Thoese prranctbors were solocbod foresaminn-

G et 0 the sion i Eieanec thele values migshls feove on the use of Biydrogrn el

£

e Tron Wi weriat ion bo Dael ocost predictions for the [yt time frome o both

il Airerart ub il ieat ion meinberese s manhours per Pkt our are Gifrieult Lo

TABLE 65. UNIT 'RICE AND OU'ERATTIONAL COST COMI'ARISON: CARGO AIRCRAFT

SOLT0N kg = 560 km 113,000 ke = 10,190 km

(105,000 1b = 000 1 m) (250,000 1bh = 9500 nom)

L JETA L, JEA

| i 0

AR SR 1o, PRk 9010 ISR
B At Al R 3,00 0L HG N Y
¥ — A/ton = o Ny S04 TReTe by
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predict for tne hydrogen aircraft until such time that actual experience has been
gained on actual flight worthy hardware which is compatible with liquid hydrogen.
The aircraft maintenance cost and utilization rates are dependent upon the magnitude

of the maintenance manhours required.

el Cost - Hydrogen fuel cost 15 varied from the base cost of threc dollars

6

per L.0%h Gd (107 Btu) to a low of onec dollar and a high of four dollars. dJet A
fuel cont ic varied over the same cost range from the base cost of two dollars per
1.050h td.  The resultant sencitivities of DOC to fuel cost are shown on Figures 973
and O for both the smali and large Aireralft. These sensitivity curves indicate
that hydrogen fuel costs can be greater than Jet A fuel costs by 20 and H0 cents
per 1.5 G (1()“ Btu) for the small and large aircral’t respectively, and still
sohicve DOC equivilency between the hydrogen and Jet A ailreraft. See Seclion h.8.1

for additional comments regarding recent prices of Jet A fuel and projected costs

— The base utilization rate for the small aireralt was 3600 hours

por yor ol Hout Jiours per year for the large aireraft. These values were varied
cver s rangre Prom 2500 Lo S0DO bours per year ad shown on Migure 95, The slope of
Lhe curves shown 1o signitieant and illustrates the ef'fect high utilivation has on
Girline profits.  Operational und maintenance procedures for the hydrogen alreratt

need Lo be o developed so ool Teast equasd ubilization, relative to the Jet A aireraft,

o b st bewvod,

Arintemancs Costh = Mainbenaneo costos wera varied over a range dneluding o

PO pereent reduction in couts Lo n 10 percent Inercase, as shown in Pigure Do
Compeor Trgn s ot cnaree oot e itivitics bo ubilizabion sencitivitices it can be seen
Dbt of the Lwo, nbilisation clianges have the grreater offoct upon Doo.  Therefore,

pedueing maiutbonanee bime oo of more importancs Lhan reduecing maintennnee conts.

L R ey Cononept 1O

ey consumpl fon comparicsons for the four direraft arc shown in Tables 62
cand 2. The boree s small Lydrogen alreralt consume 2.0 and 10 percent less
cnerey in accomplivhingg a iven mission than the respective Jet A reterence air—
crafn.  Phese data indicate that for Lhe hydrogen tueled aireraft Lhie energy con-=

surned per unit work accomplivsned decreases as payload and ramgme inereasc, WHETCHD

thee opposite trend o hdicntoed for the Jet A fucled aireraft. The reasons tor
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Figure 93, Sensitivity of DOC to Fuel Price (Small Cargo Aircraft)
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Pl D6, Dileect Opeprabiing Coot = Mointenonee Cost Seneitivity

Grie coemingsly diverse cecult oare obucured beennine poth paylond and roogre Were
vorled in She bwo example aleereat’t whilch were sdudicd for caeh e, Additional
Studien nee reguieed boodbetermine Lhie relative o fecbn o pay lond srd rangte on

Cricpary concunpt o el Lo contirm the Lrends Trnddesthed here.

oL h Hoboe Domprinon

Bl O el 98 peesent Lne Pkt and Losd o 200 BPRHAR Pfoobprint areas for
Fhe tour adreratto. These date see precentod tfor FAK S0 conditions, T.o., sea level,
standard day + P00 st ascwne fall o power takeotty operntionnd Lechniques sueh oo
prard power Lakeotl or power cubbick bove notd beon uscd. Toe appronch gl ideslope for
e et Ty 0L 05 padians (3 degrreos ).

Footpreint aroas for fakeort and Tanding and FAR noioe levels ror the Lakeottr
flyover, boveolt sidoline and appronch Clyover conditions are piven in Table oo

S MPHAR Levels priven in parenthoses are for e WA GG noloe Limit,

Tabie G nhows Lhat Lhe bakeot? footprinbts e smalior f'or the hydrogen fhian

fop Lhe Jdet A fneled airverarie Inoopenerel, takeotl privbs are smaller Ffor one
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aircraft, when compared to another, if it has a lower installed thrust and a steeper
climb angle. The large aircraft have larger noise footprints simply because their
size requires more installed thrust. The hydrogen aircraft, for a given mission,
has a smaller footprint than its Jet A counterpart because it has a lower

installed thrust combined with a higher thrust-to-weight ratio which gives it

better climb out characteristics.

The landing footprints are a function of thrust, power setting, and velocity.
The small hydrogen and Jet A aircraft have about the same footprint size because
they have essentially the same approach thrust requirements and the same approach
speed.  The power setting is relatively higher for the hydrogen aircraft because it

has o smaller engine and a lower L/D than the Jet A equivalent.

The larre Jet A alreraft has a smaller landing footprint than the hydrogen
cqulvalent because it has a considerably lower approach speed and approacii power
sobting even Lhough Lhe actual thrust required for the Jet A aircraft is larger.

The flyover and sideline noisce levels of these four aireraft are 11 to 20 EPNAB
Lower than the Limit values defined by FAR 36.

Lo IMmivsions
See Seetion ho8.03 tor comparison of emissions from LI and Jet A turbotnn
t‘?AgfIIn:S.

Y L

salety
The comments of Parggrraph o800 pertaining to pacsenger aireratt safety arce

el by applicable to caryo aireraft safety.
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SECTION 6

RESEARCH AND TLCHYOLOGY RECOMMENDATIONS

The results reported in the foregoing sections clearly show that liquid
hydrogen is a very attractive fuel for subsonic transport aircraft, including
both passenger and cargo types. 1In this secllicn, research and technology develop-
ment Items are Identified which are considered crucial to implementation of
hydrogen Lechnology in commercial transport aircraft. The list includes studies,
items for experimental development, and demonstration programs involving f1ight
onerallons.

Yoltowing the lTisting and brief desecription of the items suggested for
Lrechnology development , a schedule is presented which shows a proposed sequence
and Liming of the work.  Rough order of magnitude estimates of the level of

erfert considered reasonable and appropriate for each subject are also shown.

£, TECHHOLOGY DEVELOPMENT TTRMS

The following subjeets arve sugeesied as items requiring study and develop-

mends e fort. before Tiguld hydrogen can eficiently and suceesstilly be employed
anoce Pael i commereind transpori aireraft.  The subjeclts are presented in throe
catopories: stadios, experimental develooment, and light operations.

~

oL Otondies

. Adreratrt Design Studics

Activitieoo:

Study nireraft desisns to provide mission ecamibilities representine the
spectrum of commercial user Interest for the time period subsequent to

1990, The studies should encompass:

e Passengor alreraft (150 to 800 passengers)

o Carpo aircraft (22,700 to 341,000 ke. [50,000 Lo 750,N00 1bs] payload)
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e Ranges from 2780 to 10,190 km (1,500 to 5,500 n.mi.)

e Cruise speeds from Mach 0.7 to 0.85
Objectives:

A. Determine characteristics of LH? fueled airerafi for selected air-

line requirements.
L. Tstablish baseline criteria for selected aircraft and tor their

major hydrogen-related subsystems:

e "Tunk and insulation system
e [uel system comvonents

e Ingines

e Vent systen

e Anxitinry power unit

e Invironmental control system

(. potablish basis for weiting operational and maintenance equipment
requirements and procedures.
e [lueling
e Rouline in-service nperntions
e Overnight, onb-of-gervice

e Ixtendod nnb-or=service
D. Forablich basis for writing rceguiroement, for oalrport oo ilitieo.

e ncl slorage capneity
e Fiunl liguefaction plant cropaeiiy
e ucl hraniling equipment

e Maintenance hangers

Mank Desipn and Insnlation Shody

Activity:
e o seleched commercial transport aireraft design make detail design

studies o candidate fuel tanks and insulation systems. Tvaluate encli

fuel contairment system in terms of vebicle pertformance and cost.
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Objectives:

A. Hstablish detail design characteristics and performance of candidnte

tank design and insulation systems.

e Integral tank/foam insulation
e "on-integral tank/foam insulation
e Integral tank/vacuum and microsphere insulation system

e ‘llon-integral tank/vacuum and microsphere insulation system

B. Twvaluate the candidate designs on basis of vehicle performance and

couts (investment, operational, and maintenance).

(. Seolect a preferrved design for experimental development (see Ttem 1)

Alreraft Fuel System Design Study

Aetivity:

Vo o selected commercial transport aircraft design, make detail design
stidieg of candidate fuel line concepts and determine size, weight, and

design requirements off the principle system component s.

Objectives:

AL Futablish design characteristics and performance of candidatoe el
lines.
e vocuum=jacketod lines
e !oam insulatoed lines

. Fysdante the eandidate fuel line designs on basis of welent,, per—
fovmcnee, and costs {investment and maintenance ).

¢, Oelect o opreferred design of fuel line for experimental development

(soe Ttem 11).

. mstablish sive, wolght, design characheristics, and approximate
cont of principle fuel system components, e.g., 1OW pressure pumps,

valves, seals, quantity sensors, ete.
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Airport Fuel Supply System Design Requirements

Activity:

Study the thermodynamic design requirements of the tfuel supply cystem for
a specific airport considering probable fuel volumes required in the
1990-2000 era. Determine design requirements of all significant elements

of the tuel supply system from the LH. storage vessel to the aircra’t tank.

2

Ob,jectives:

A. Determine thermodynamically acceptable procedures and pr

sehedules for

e Iiiling nnd storing LH, in alrport reservoir
:
e [Mil!ing and maintaining pressure In alreraft tanks

e Sliurting aiveratt engines with "warm" feed lines

J “obablish feanible procedurces ror handling gaseous hydrogen from

alrerars vent system during fitling and extended gronnd hold.

. Determine desien requirements of a typieal nirport/alveraft faeling

anrd e el ing systoem.

1. Detormine desien requirements of a nractieal aireeatt wvent syatom
e .

sl g airvpoct O recapture systom.

. FProvide tapul. for Ttem (.

Operad fons and Meintonnneo Procedneea Stady

Ptivivy:

Cordnet. o stuady of sirvline oncrations and mainbonnanes yrequirements vor o

cotectbod deslen of LH, Meled commereial transport adreratt.,

ObJect ives:
AL, Detfine procedures for routine operations.

e Ilueling into warm bLank

e lMueling into cold tank

e Defucling

e Duacsenger and cargo Ioading
e Overnight storage

e Fxtended out-of-service storage

294



6.

e Delay on ground awaiting takeoff

e TItc.
B. Define procedures for Tuel system-related maintenance.

e IMuel pump replacement

e Fuel quantity sensor malfunction
e Tank insulation system defect

e Tank structural inspection

e luel line inspection

e Vent line valve freeze

e [Dte.

2

Provide input for Item 6.

Staidy ot Airport/Aivplane Interface Facility Requirements

Activity:

Deptform an analysis of facilities which will be required o

alrport o 1990 - 2000 Lo support LH, fueled airline traffl

fhe facility and design the hydrogen-related elements in s

debatl o determine realistic cost estimates.

A, Pstablish requirements for typical alrport facilities
yp f

support alrline vperations of LH, fueled aireraft,

e Mucl shborage capacity

e [Micl liquefaciion plant capacity

e Mieling system desipgn and ecapacities

e Defueling system

e (nseous hydrogen return and disposal system
e Mainlenance hanger design requirements

e ANAlrport facility layout

K. IEstimate cost of airport facilities for typlcal installation.
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Systems Analysis of Ways to Initiate LH2 Fuel Service in Airline

Operations

Activity:

Analyze airline route structures, traffic densities, and aircraft nsage
throughont. the United States as projected for the 1990-2000 tLime period.
In addition, include consideration of connecting international routes,
with special attention to routes to those countries most likely to

raguire early relief from use of hydrocarbon Tuel.
Objectives:
fi. Deternmine feasible ways to initiate use of LH, fuel in commercial
2
Lransport aircratt, for oxample,

e by airline
e ULy city-puir, e.g., L.A. to Washinglon
e by region, e.g., West Coast

R. Project the fael changeover from U.S. domestic airlines to inter-
national carriers.

[ Botablich o teasible sehedule Por installation ot LH, facilitios aof
alrports and determine costs and fuel requirvements vs years.

Do Detfine privciple problems, costs, and possible methods off funding.

Alrtrame Dtraciural Design Concepts Study

Mhotiivity:
For a selectoed commercial treansport airerat™ desien, make detail stadies
of eandidete Museloge structural concepts for integrating Lhe preferred

cryovernice Lank and insulation systoms.

ObL Jjective

Determine preferred airframe structurnl design concent..  Include con-
Slhideration of the following:

e Differentinl thermal expansion

e Compalibility of materials with hydrogen environment

e ieat lenks tn tank structure through attachments

e lecessity of removing tanks for repalr and/or replacement.
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Advanced Engine Design Study

Activity:

Conduct a design study to establish preferred characteristics of a
hydrogen-fueled turbofan engine for a specified commercial transport

aircraft.

Objectives:

A. Iistablish design and performance characteristics of an advanced
design, quiet, cleanburning LH, fueled engine to mateh requirements
fat
of 4 selected airplane design. Provide siue, weight, cycle charac-

teristics, performance, and cosl estimates.

B. Hstablish requirements for major components, €.g., high pressure
pump, heat exchanger, combustor design, noise suppression devices,
engine control system, compressor, fan, turbines, and cooling

systom.

P

(‘. Provide input for Ttem 12.

Suady of Relative Havards of LH
Al rerat't
arrertd:

5 VS Jet A tuel In Commercial 'Transport

Aetivity:

P

Study representative designs of a selected size of commercial transport
gireratt; one fueled with LH, the other with conventional Jetl A.
inalyee bhe desipns for probable failure modea, both in-flight and on

the ground.  Where appropriate, supplement the study with analysis ol

aoceident. reports.

Objectives:

P i

A. By analysis of probabilities of various kinds of accidents, hoth 1n-
fl1ight. and on the ground, estimate probable fallure nodes and

results which can be expected with both fuel systems.

k. Provide input for Item 15.
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6.1.2 Experimental Development

11.

Mel System Technology Development

Act

tivity:

Design, fabricate and test a model of a

including:

1A TRTERY

tank

insulation system

feed lines and vent systems

vaalves

puUmMps

aquantity sensor system

auick disconnect, paseous hydrogen
quick disconnect, liquid hydrogen
leak detection

f'ire detection

Sucl dumping system

Determine characteristics of a satio

syshem components.

Botablich desien opecifications for

suibable for alreralt cerviceo.

Determine proceduares for performing

syotem component s,

Deterrine oftect of rvepeatod Light

complete aireraft fuel system

factory design for Lhe fuel

DI fuel systems and componen

inopection and vepair of LH

7
¢

ryeles on tank structure,

insulntion system, and fael feed system.

Begin development, of technolopgy with alrcerart, components related

Lo mse of LIL, e.g., cryogenlic insulation, pumps, valves, seals

whirh will meot alrline standards of

muintainability.
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fingine Technology Deyelopm@gt‘

Activity:
Desipn, fabricate and test components of an advanced design of LH,

fueled engine including

e High pressure pump

e Heat exchanger

e Combustor

e Cooled turbines and nozzles

e Ingine control system
Objectives:

A. Develop component. technology required to build a liguid hydrogen
fueled engine incorporating fealures to capitalize on advantages

avallable with the fuel.

. Begin development of technology in engine components such as pumps,
valves, bearings, and seals which will meet long-1ife roliability

and maintainability requirements.

Materials Development

Aetivity:

Comiuct, literature searches, obtain manufacturer's data, and perform

laboratory experiments.
Objectives:

A. Determine materials preferrved {or use as

Cryogenic insulation Tor fuel tank

e TImpermeuble barrier to either (Hio or air

e Tank bladder/structural muteria]w

e Structural connection between cryogenic tank and ambient
Lemperature alrcraft structure

e Cryogenic fuel line/bellows/support structure

e Jealing surfaces for valves
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B. Begin detcrmination of effects of long-term exposure to hydrogen

of structural and component materials.

1. Hazard Posed by Fire: LH, vs Jet A Fuel

Activity:

Expose instrumented fuselage sections of surplus transport aircraft to

fire from equuil-energy qunntities of LH? and Jet A fuel.
Dbjective:

Determine ¢ fect of Tire from burning el adjacent to passeunger con-

partment and compare relative hazards to crew and passoengers.

15, Safety in Hontnmtal Crashes

Simiiate nontfatal erashes with surplus aireraft components containing
ponidua ]l Cael in typical bank stroctares.  Daplicate toests for each
Pl nystem (LE ) and Jet A).

Uk)_}t‘tft‘i‘j»':

Deternine ofteeh of simulated crach ucing each fuel system and compare

relative havoed Lo crew and pagsengers.

Holed Plighs Operabions

shit, Demoncteation Progeam

Convert, two subsonic bransport aireralt to LH. fuel and operate in

)
‘

simulated cargo and/or passenger carrying service for two years,
Objectiven:

Ao Tearn how Lo handle LH, as nan aireraft fuel in an operational
mener .

B. Determine Lhe practicability of the eryogenic fuel system in terms

A inspection, maintenance, durability, and performance.
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. Provide a basis for writing design and operational specifications

for hydrogen-related equipment and procedures.

D. Fstablish confidence that hydrogen can be used safely in alrline-

type operations.

*
17. Airport Fuel-Handling Demonstration Project

Activity:

Design, fabricate, and operate a complete airport fuel-handiing fucility

using hardware scaled to requirements of Item 16 (above).
Objective:

Determine system and component performance characteristics, operational
and maintenance techniques, safety standards, future design criteria,

and cost relationships.

THCHNOLOGY DEVELOPMENT SCHEDITLD

mirer 90 presents a schedule Tor performing the studies, development,

gl ooperations deseribed in the preceding section so hydrogen fLechnolo can be
3 28 . 24 A

peady Por incorporation inoa commercial transport aireraft, Jdesign on a timely

haois.

! .

It 1o fwportant Lo kecop Lwo things in mind when considering this sehodnie:

e Developrent ot an industrial capability to produce, transport, and
store sufficient guantities of 1iguid hydrogen to meet America’'s needs
o

for long—range Lransport alrcraft will probably take at least 15 yenrs,

oL from 1975 to 1990.

R}

e Development of & LHP fueled transport aircraft, ready for first use, will

probably take about 10 years after the technology development of

<

rosted in Reference 26, Chapter V-B, Alternate Fuels.
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Figure 99 has been completed, and after an aircraft design specification

has been agreed upon and a decision is made to proceed.

These two factors, together with the Technology Development Program hereiln
proposed, are considered to be the principle requirements which must be met
before liquid hydrogen can be successfully employed in commercial transport
airceraft. The fundamental pacing item is development of the industrial capa-
bility to produce gaseous hydrogen in sufficient quantity, pipeline it to key
alrports, and there liquefy and store it, all for an economically competitive
price. If this capability can be established in 15 years, the program for
development of the hydrogen related technology items listed above should begin
immediately in order that the aircraft design and development can, in turn, be

completed by the time the LH, supply is assured.
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SECTION 7

CONCLUSTONS

The use of 1liguid hydrogen as fuel in subsonic transport alrcraft results in
designs which are lighter, have smaller wings but larger fuselages, reguire
smallier engines, can operate from shorter runways, minimize pollulion of the
atmosphere, and expend less energy in performing their missions than correspond-
ing designs fueled with conventional hydrocarbon (Jet A). Depending on Lhe
payload-range design requirement, the cost of liquid hydrogen can be between P0¢

6

and H0¢ preater per 1.054GJ (1 O)Btu), relative to Jet A cost, and still provide

lower direct operating cost.

To establish a perspective for this DOC comparison, at prices international
carriers paid for Jet A in the latest month for which data was available, viz.,
September 1974, airlines could have realized a reduction in DOC of more than 11
percent, from 0.573 down to 0.508¢/seat km (1.061 down to 0.940¢/seat n. mi.),
using the long range passenger aircraft defined in this study as an example,

6

and assuming availability of LH, at §2.50/1.054GJ (10~ Btu), the price forecast

2
in 1973 by the Linde Division of Union Carbide Corporation (Reference 13).

Terancport aireraft designed to use LH? probubly will not look unconventional.
There are cournt teehniceal reasons why current sabsonice alreratft Took the way Lhey

)

doo Althongh this is nol to say that changes will not be made; nevertheless,

radical departures from Lhe norm of today's decign standards almost invarinbly
involve signiflennt tradeoffs in performance because of either structural weight
or nerodynamic penalties. Do it 1s that the preferred design concepts for
hydrogen-tiueled passenger and cargo transport alrcraft evolved in this stindy have
conventbional appearance.  Unusnal configurations which were investigated Lo see
i uar of the new fuel would open up design possibilities proved to be flawed.

Designs configured Lo provide specific advantages developed seriouns problems in

obher respects such that Lthe net result was unsatisfactory.
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The external tank arrangement, investigated in the passenger alrcraft part
of the study to see if fuel tanks mounted on a short pylon above the wing at
about, mid-span offered any advantage in passenger safety, operational, or
maintenance considerations, proved the point. The configuration was found to
ofter significant maintenance advantage, but for the size tanks involved on
aircraft in this study, to actually be a detriment operationally and to have
gquestionable safety aspects. It was significantly inferior inscfar as per-

formance and operational costs were concerned.

Accordingly, the configuration of passenger aircraft which carries the LH/
c
fuel within the fuselage in two tanks, one forward and one aft of the double-
deck passenger compartment, and which retains conventional design values for
relationships like fuselage fineness ratio, wing aspect ratio and sweep, and

wing loading, was found to be preferred.

Similarly, the configuration for LH2 fueled cargo airplanes found to be
preferred for the missions of this study has a conventional external appearance,
even though a series of preliminary design studies was carried out to investi-
gate unusual approaches which, when orginally suggested, appeared to have some
special merit. The selected design has a "visor nose" which 1lifts to permit
loading of cargo from the front end. Cargo containers are loaded in two rows
side-by-side. LH2 fuel is contained entirely within the fuselage, mostly in
the space above the cargo compartment.

The problems of designing and developing practical, realistic transport air-
craft fueled with liquid hydrogen which can meet airline standards for maintenance,
operations, and utilization in either passenger or cargo application, are
challenging but not insurmountable. Solutions require technology development but
are not dependent upon either a breakthrough in capability or invention of new
products for success. Development of a production and distribution capability to
provide LH

2
price, is seen as a critical and pacing consideration.

in sufficient quantity to meet airline requirements at a reasonable
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sEeTIon 3

RECOMMENDATIONS

n view ot the many atbractive advantages which result from use ot Tiauid
hydrogen as fusl for long range subsonic transport aireraft, and becanse off the
recognlzed problems of maintaining an adequate supply of petroleuam-based con-
sentional el throughout the world, it 1s recommended that development of
appropriate technology be actively pursued. BSection £, Research and Technology
Recommendat ions, 1ists 17 items which ~onstitute a recommendesd program for
development, o aleeraft related technology. A schedule for this program 1s
shown i Figure 9G.

Concurrently with this aircraft technology development program, and starting
at the conclusion of Ttem 7 in Figure 99 (indicated by the dashed portion of the
bar), advanced econometric and operations analyses with emphasis on societal im-
pact connotations should be conducted to determine an economically feasible and
viable plan for converting commercial transport aircraft to hydrogen. Along
with that study would come a determination of preferred mission requirements for
the initial design of LH2 fueled transport aircraft. As indicated by the length
of the dashed portion of the bar on Item 7, Figure 99, this determination should
be made early in 1980 so that a decision can then be made at the end of that same
vear to proceed with prototype development of the first production aircraft.
Allowing ten years from design go-ahead to first delivery for operational use,
this would put the first commercial transport airplane designed for LH2 fuel in
service in 1990, about the time airlines would normally be ready to begin replace-
ment of the current wide-bodied transports. Recognizing that several sizes of
transport aircraft will ultimately be required to efficlently meet the needs of
the air transport industry, both at home and abroad, development and production
of a series of aircraft must be planned, in addition to modification and conver-

sion of appropriate existing aircraft.
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Tt is considered technically feasible that hydrogen-fueled transport air-
craft can be developed and ready to begin commercial operations in 1990. How-
ever, the following significant conditions are recognized as mandatory and
supplemental to the aircraft-related technology requirements in order to

achieve this goal:

e A national (and international) commitment must be made to develop hydrogen

for widespread use, and commercial transport aircraft must be mandated to

e liydrogen manufacture and distribution systems must be developed and
implemented.
e fncilities must be provided on or near airports to liguefy, store, and

handle hydrogen.

The: eritical Ltem which paces the entire operaftion appears to be develop-
ment of an industrial capability to produce gaseous hydrogen, pipeline it Lo
arnns near key airports, and there liquefy and store it in sufficient guantities
and st an economical ly competitive price that airline needs can be met. Assum-
ing that snuch an industrial capability can be developed in 19 years, e.g., 1975
fo 1000, it is neeessary that the alrveraft technology development program shown

it Fimire 99 be started immediately.
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APPENDIX A

PHYSICAL PROPERTTES OF HYDROGEN*

LIQUID
Melting point at atmospheric pressure. °k (°R) 13.95 {25.1)
RBoiling point at atmospheric pressure. . °k (°R) 20.45 (36.8)
Critical temperature . . .« . « « « « « . OK (OR) 33.17 (59.7)
Critical pressure. . . . . . . - . - . . kPa (psia) 1,317 (191)
Specific pravity (liquid water = 1.00) . _ .07l .071
Density {liquid)(at -h29F and

20 T ) e e e e e e ke (b/etT) 69,9 (h.12)
Specific heat . o+ « .« o o . . . . . JkI/kg (Btu/1b)  1.325 (.57)
Viscosity (at normal b.p.) . . « . . . . Ns/m2 (poises) 182x10_5 (182x10_6)
Hent of fHSion .« o v o e e v v v o« o« . JkJI/kg (Btu/lb) 58.6 (25.0)
Tnversion point, Joule Thomson . o . . . oK (OR) 20h. 1 {(367.4)
Heat, of vaporization (nearly all

ISTECT I o §4 & (Btu/1b) W3 (190.5)
GAs
Speciric gravity 217.6%K (air = 1.00). . - . 06953 .06953
Density (213.09% and 762mm He) o . . . .kg/m3 (1b/rt3) .0853 {.00532)
Specific volume (213.2°%K and .

TOPmr Ut ) o e e e e e e e e e e .m%/kﬁ (ftj/lb) 11.72 (187.9)

Gross heat of combustion (incl. -
3

latent heat eneryry of steam). . . . kd/m” (Bru/tt ) ?6.7X103

Gross heat. of combustion (incl. 3
latent heat energy ot steam). . . . .kJ/kg (Btu/1b) 141.906x10

*From A Hydrogen Energy Carrier', Vol. II, Systems Analysis, Sept. 1973, a report
by the NASA-ASEE Engineering Systems Design Institute (University of Houston, NASA-
Jehnson Space Center, and Rice University).

*¥J0TH: The lower heut of combustion = 120,091 kJ/kg (51,590 Btu/l1b) was used in the
subject study for purposes of thermodynamic calculations.



GAS (CONT)

Energy of gas/alr mixture (F/A ratio
0.420 vol.; 0.020 wt.; or 29.6% H,

fas

by volo)e o v v v v e v e e e e e .kJ/m3

Vol. of air required per vol. of
combustible « ¢« .+ . . 0 0 0 e e
Koo air required per Kg combustible

3

Flame temperatire (F/A ratioc 0.162 vol.,

- B o
0.03%3i3 wht.; or 3:.6% H, by vol.). . .
I
[fnition temperature in air (auto
. . O
Temition) o v v 0 e e e e e e e e i
lynition temperature in oxygen o o o . . K

Tlammability limits, vei.o H. in air
3 >

et

Flammability limits, vol. . in oxygen
J ) ) £

Detonation Limits, vol. X in air o .o

fa

Detonation limits, vol, Ho in oxygen

2

Hont lapnable Timits, air-hydropgen—
corbon dioxide o0 0 0 0 0 .

Homtiammabie Limits, air-hydrogen-
rlbregmen o 0 . e e e e e e e e .

Saisslvity of Clame (blackboay = 1.00

(Btu/ft7) 6.68%10°

B

2,311

847

833
o=k, 2
h.6-93.9
L6.3-59

15-90

lLess than 8%0,3

Lhess than 6% 0.,

. 085



CHEMICAL PROPERTIES

Hydrogen in liquid or gaseous form will reach violently with strong oxidizers

such as oxygen and spontaneously with fluorine and chlorine trifluroide.

Hydrogen gas is colorless, odorless, nontoxic (though asphyxiating), and non-
corrosive. When its temperature is that of the ambient air, its density is only
about, 1/14 of the air density, and the gas is thus strongly buoyant; however, the

vapor at the beiling point is as heavy as air at YOOF.

Liquid hydrcgen is a transparent, colorless liquid of low viscosity. It does
not torm solutions with any material except, to a slight extent, with helium. In
particular, rases like oxygen and nitroven condense and freeze to solids in liquid
hydropgen without entering into solution. At about 15%% (—)43501‘") liquid hydrogen
freezes to a solid. The temperature and pressure at the triple point (at which
(

e \ ) . o - .
so0lid, tiguid and gaseous hydrogen co-exist) are 14,0 'K and 0.07! atmospheres for

¢

L g0 . o
nornsl hydrogen, and 13.87K and 0.069 atmospheres for para-hydrogen. Solid hydropen

treezes into a white crystalline or snow-like mass.

Uydrocen diffuses approximately 3.8 times faster than air. A spill ot 500
pallons off 1iquid hydrogen on the ;ground has ditffused to a nonexplosive mixture

af'ter aboub one minzte. Air turbulence increases the rate of hydrogen diiffusion.

Hydrosen in both the liguid and gaseous states is particularly subject to
leukare becadse of its low viscosity and low molecular weight. Leakage rate is
inversely proportional to viscosity. Because of its low viscosity alone, the leak-
are o ligquid hydrogeu will be roughly 100 times that of JP-l4 Tuel, 50 times that
of wrater, and 10 times that of liquid nitrogen. Likewise, thc leakapge of gaseous

hyidrosen will be greater than that of air.

Reference: Cloyd, D. K. and N. J. Murphy; Handlinp Hazardous Materials, Chapter 1,

Liguid Hydrogen, NASA SP-5032, September, 1965.
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APPENDIX B

EXAMPLE ASSET AUTOPLOT DATA PRESENTATIONS

FIGURE TITLE
B-1 Takeoff Gross Weight
B-2 Flyaway Cost
E-3 Direct Operating Cost
B-4 Direct Cperating Cost

CONSTRAINT LEGEND

LINE TITLE
] Maximum Ceiling m (ft) 10363 (340007
2 Marzimun Ceiling m () 10973 (36000)
Maximum Ceiling m (ft) L1582 (38000)
I Conventional Takeof{ Distance m (ft) 2h38 (8000)
5 Fngine Out Takeoff Distance m {(ft) 2438 (8000)
8 ond Sepment Climb Gradient .03 (.03)
Approach Speed m/s (KEAS) 61,7 (120)

S Approach Speed m/s (KEAS) 69,4 {1:5)
9 Approach Opeed m/s (KRAS) 7.2 (150)
i) Conventional Landing

Distances m (ft) 2438 (8000)
I Approach Speed With

+ 9072 Kg m/s (KEAS) 69.4 (135)
2 fanding Distance With

+ 9072 Ky m (ft) 2438 (8000)
13 Approach Gpeed With 95%

TOGW m/s (KEAS) 77.2 (150)
1h Landing Distance With 95%

TOGW m (ft) 2438 (3000)



WEIGHT (LBS)

640000.

620600.

6060G0.

580G00.

5€¢0G00.

540000.

5200090.

SUBSONIC

RANGE=5500 NMI,
AR= 8.0,

JP A/C,

MACH=.85
T/C=11.00, CT/CLR=0.30,

400 PASSENGER,

cL 1317-3-1

SWEEP(C/4)=30.
ENGINE 83000

DEG

l.;m- I P

it B ~io-1100.10. R, & s
0.26 Sl

Figure B-1.

Takeoff Gross Weight




COST (mILLION DOLLARS PER AIRCRAFT)

3.

33.

32.

31.

30.

29.

28.

217.

26,

25.

24 .

SUBSONIC
RANGE=5500 NMI,

AR=

8.0,

JP A/C, 400 PASSENGER,
MACH=.85

T/0=11.00,

CT/CR=0.30,

cL 1317-3-1

SWEEP(CL/4)=306. DEG

ENGINE 83000

Figure B-2.

Flyaway Cost
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MILE)

DOC (CENTS PER SEAT N.

SUBSONIC JP A/C, 400 PASSENGER, CL 1317-3-1
RANGE=5500 NmI, MACH=.85 SWEEP(C/4)=30. DEG
AR= 8.0, T/C=11.00, CT/CR=0.30, ENGINE 83000

- . ]
.200
.150
0.2¢
.100
3

.050
.000

SR EREE P N )

SR ERE i SR ISR -

R HE - roe e . . R

S R bl L) .
.950

Figure B-3. Direct Operating Cost
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mMILE)

DOC (CENTS PER SEAT N.

.200

.150

.100

.050

.000

.950

SUBSONIC

RANGE=5500 NPT,

Ip a/sc,

MACH=.85

400 PASSENGER,

cL

1317-3-1

SWEEP(C/4)=30. DEG

AR= 8.0, T/7C=11.00, CT/CR=0.30, ENGINE 83000
SERREE Sl B
H - : |
RENN RS . :

Figure B-4. Direct Operating Cost
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APPENDIX C

EXTERNAL LOADS CRITERIA AND LOADS

The purpose of this appendix is to present the structural desipn criteria, and
the preliminary loads resulting from application of these criteria to the confipgura-
tions discussed in the body of the report. The depth and scope of the loads analysis
is sufficient to support the selection of a preferred structural concept, the pre-

diction of structural weight, and the cost.

Criteria and Basis Data

e Airplane Weight

The loads shown in this section are based on the estimated airplane weight

buildup shown in Table C-1.

e Design Speeds

The desipgn speed altitude variation used is the same as the L-1011. The
significant speeds in this analysis are VC/MC = 354 KEAS/.90 at 26,000 feet

and VD/M 361/.95 at 21,700 fTeet.

D

e Uesign Load Factor

Flisht maneuver load envelope tor the liquid hydrogen transport is based on

the sume criteria as the 1L-1011. The 1imits are:
~1.0<n <2.5 at V<V /M
Z e’ e
D<n <2.5 at V /M <V<V /M
Z ¢ cC DD

fiust load factors are based on the same gust velocity variation as the

1-1011 at the critical cruise condition V, = 45 fps at 26,000 feet.

e Aerodynamic Data

Aerodynamic stability data used in this analysis are based on the L-1011
and have been modified as appropriate to reflect the configuration differ-
ences. Tt is assumed that the vanes on the wing tanks operate in an active

mode such that total airplane stability is not affected by the tanks.



TABLE C-1. DESIGN WEIGHT SUMMARY

FUSELAGE WING
TANK TANK
CONFIGURATION CONFIGURATION

Maximum Take-off Gross Weight 400,000 400,000
Landing Gross Weight 380,000 380,000
Operating Weirht Emply 238,000 246,000
Structural Reserve Fuel 5,000 6,000
Max. Wt. with Structural Reserve Fuel 370,000 373,000
Minimim Fiying Weight 243,000 252,000

e Inertia Datu
The inertia distribution data used has been estimated based on the basic
geometry and the weirhts of Table C-1. Forward c.g. for the fuselase tank
confisuration is acsumed to be at 20% MAC and tor the external tank config-
aration at 27% MAC. Otructural Reserve Fuel is based on the L-1011 value

Of TS tatal luel.

Deslin Loads

e l'orebndy
Forebody tonds for esch contiguration are piven in Fipure C-1 for the eritical
diserete sust conditions. Relieving airloads and pitehing accelerations are
concervatively ipnored.  The 1,=1011 forebody, over most of its length, was
critical v dynamic landing Tollowed by dynamic gust. It 1s not known how
a detailed dynamic landing analysis would compare with these loads. It is

estimatod that such toads mipht be 10% hiyher than those shown.
e /fterbindy
Three conditions were considered on the alterbody:

(1Y A down horizontal tail Toad of 100,000 pounds combined with 2.5 g's to

simulate a PLA condition.
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() A down horizontal tail load of 130,000 pounds combined with 1.0 & to

simulate an abrupt pitching maneuver.

(3) A vertical gust at V .

Resulsing loads for these conditions are shown in Figures C-2 and C-3.

e Wing
Wing; additional and basic airloads are taken from 1-1011 data. For the
external wine tank configuration, a vertical airload of 20,000 pounds is
also applied to the tank at its cg. The load axis chosen for each wing is
the same as that of the 1-1011. When either wing 1is superimposed on that
ot the 1L-1011, such that the 5% chordline and airplane center line coincide,
the wing load axes also coinecide. The load axis for euch wing is defined
in terms ot its own geometry in Figrures c-h, C-5 and Cc-6.

Wine loads were critical for pust at VC. The fuselage tank confipuration
wis critiecal at maximum gross weipht and the results are shown in Fiyure o=l
In the external wing tunk configuration, two conditions were critical. The
inner wirgr was critical for gust with maximun carro and structural reserve
fuel. This condition is shown in Figure C=li.  The outer winr wis critical

Por ey mn rross welght. This condition 1s shown in Fizare 0=6.

Hxterunl Wing Tank

il

Tank attbachment lomds are piven or two conditions, landins and faxi. Lertd inys
Lewade e based on oo bank weigsht of 55,000 pornds. Taxd Jompde are based on o ol

tank welsht oof 60,700 ponngs. These Lomds are referenced to the tank opr and all

combinations wre Lo be considersd tor eritleality.

LAND LNG TALL
G b -165,000 -200,000
D +55,000 0
Gy Lh +55,000 +10,000
My in. -1hb. +30,000,000 17,000,000
My, in. lb. +17,000,000 +1'7,000,000

NOTE: ALl lomis in this Appendix are on a LIMIT basis.

c-k



(*8tJuop Wuel 28BTSSNI) SPROT FTWIT APOUIJV s@eTesny 3Jodsuea] oTuUOSONS

[#

HI

*2-D aan3Tg

+

i

i

4 e
-— R
§ .

Ligt
e

I

——_

NV R i

.k

or ~

sl

il

i

c-5



(*8TJUop Wuel SUTM TRUISIXT)

SPBOT A4TWIT Apogily o3eTesny jrodsued] OTUOSUNS

c

_-,.....T.v-.. -
.

ce e

g QSN\T B
.,u.um&w& N., |% mmm Zisll

,iy..hn

." Tl I..mh 234!.1,

0~

g7 QSQH\.. .J,.n:.,« 5 0 \

HT

‘=D 2InITg

v

poood :
EISEs OIS

g /L

g7+

23 FURSS SULEN SREYS.

c-5

A

RESERY

g

;m W Ju

Y-

1 00F . D
i
DN

T S I

L : [\

iy

- oo# IW



i

E.Ca (#2").

—

.4 :

(B OF Cp...

THROGH.
5%._

1
o

/5

.o’

+

oo, 5z,

~INCHES

... BL

\.LHWQW\.W}\\MM.JQO.\U\E \u

o

RS [« SRR P
N @y
e A Cidne i acac e

3.
b

Subsonic Transpert Wing Limit Loads (Fuselage Tank Config.)

LH2

Figure C-h.



v

T

SO

<

FC,

s

THROUSGH . 7.5%

W7 = 373,000

- ee

e
GonD s47%

i
1

HSTRYCTURAL - BESERVE FUEL
LoD pxss 15 STRAIGH f

ey @ e

_ EE QS -
m.mf\,\\ Q\?\,\Q\w&ﬁ = \s.__#.,.“w |

1. ..; . . . Lo
S S TR Rt I T f SRR

Cond. 1

)

Yternal Wing Tank Config
c-8

E2

(

LH. Subsonie Transport Wing Limit TLoads

Figure C-5.



-

00D LB
THROUGH 7.5% OF G

000 .

PO

s

e BL A INCHES.

OF Ce(352.8")

400,000 08

7%

=

wZ.

G

i
ol
|

Voo

o h,.”:rm e Qe e
" E 000/ A IS PG ILLABA F

P T DB R SRR

D -.u.,lmg,qw...?.:_,@ s R
N OL A DMITNZE  JGILLITA 3

Lrg el L8R

o | . . BN N .. [ IR D . .:w...:!w...px lz\..,.
o ERepeE e L e ”__”wm.w” W GQ A NO
N N RIS P SR ! . AR PR ST M T,

subsonic Transport Wing Limit Loads
C-9

(E}2<‘ternal Wing Tank Config.

-6. 1H

Figure C



APPENDIX D

SELECTED ASSET COMPUTER PRINTOUT PAGES

FINAL POINT - DESIGN AIRCRAFT:

LH2, 400 PAX, 3,000 n mi.

1.
2. LHZ, 400 PAX, 5,500 n mi.
3. Jet A, 400 Pax, 3,000 n mi.
L.

Jet A, L0O Pax, 5,500 n mi.

EXTERNAL TANK LH2 DESIGNS (FROM TASK 3):

5. LHQ, 400 PAX, 3,000 n mi.
6. LH2, 400 PAX, 5,500 n mi.
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APPENDIX E

EVALUATION OF AIR CUSHION LANDING SYSTEM
. : AS APPLIED TO
LIQUID HYDROGEN FUELED CARGO TRANSPORT

Introduction

This con¢eptual study is conducted to determine the advantages and disadvantages
of substituting as Air Cuéhion Landing System (ACLS) for the conventional landing
gear on the large liquid hydrogen cargo transport. The payload and mission fuel are
held constant for the performance analysis, thus changes in aircraft weight and drag

affect only the design mission range. Specifically, the following items are assessed:

Weight
Drag
Performance

Cost (Engineering Estimates Only)

The weight and cost data for the ACLS System were based upon previous C-130 ACLS
studies performed by the Bell Aerospace Division Testron and the Lockheed-Georgia
Company.

The baseline aircraft is shown in Figure E-1 and the ACLS aircraft in Figure E-2.

¢+

The study results are summarized on Figure E-3.

System Description

The air Cushion Landing System (ACLS) is based upon the "Grqund Effect" principle.
The conventional undercarriage landing gear, which consists of multiple wheel bogies
. and shock struts, is replaced by an inflatable pneumatic bag or trunk mounted beneath
and surrounding the aircraft fuselage. A continuous air feed maintains the trunk
inflation, snd escaping jet air creates a low ground-over pressure when the trunk is
close to the surface. This air, sealed around the periphery by the trunk, is called
the air cushion and supports the weight of the aircraft. The continued flow of air
at low pressure provides a film of air that enables the aircraft to operate over the
commercial airport surfaced runways and improved surfaces of low bearing strength.

The trunk is retracted to reduce excessive drag at flight cruise speeds.

E-1
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CONVENTIONAL

GEAR /. ACLS
ITEM
Operating weight - kg (1b) 138,670 (305,710) 136,842 (301,680)
Payload - kg (1b) 113,400 (250,000) 113,400 (250,000)
Mission fuel - kg (1b) 48,004 (105,830) 18,004 (105,830)
Gross weight - kg (1b) 300,075 (661,540) 298,246 (657,510)
DRAG
Counts of drag 289 291
PERFORMANCE
Range - km (n m) 10,186 (5,500) 10,1L9 (5,480)
T.0. distance - m (ft) 2,185 (7,170) 2,423 (7,950)
Landing distance ~ m (ft) 2,30L (7,560) 2,301 (7,550)
COST
Aircraft cost ($ X 106) 39,12 0.9k
Landing system
cost ($ X 106) 1.07 2.89
DOC - ¢/Mg km 2.89 2.95
DOC - ¢/ton n m 4,86 4.95

Figure E-3. Summary of Study Results

Braking capability is provided by addition of brake pillows to the aft portion,
and on both sides of the trunk. Braking is provided through controlled inflation of
these pillows, which locally deforms the trunk causing brake treads to contact the
runway. While steering may be accomplished by aerodynamic and/or propulsion forces,
steering by differential braking or lower taxi or maneuver speeds is provided.
Parking is accomplished by inflating bladder cells inside the trunk prior to engine

shutdown.

ACLS Operation

The aircraft will be parked during the cargo loading, and trunk air pressure
maintained by the parking system, The auxiliary ACLS engines and air cushion system

will be used to move away from the loading area, either towed or faxied, to the
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runway for takeoff. The takeoff run ﬁill impose 'no particular problems other than

Yawing at low speeds due to possible crosswinds, Theviift—off will be accomplished
by rotating the aircraft approximately 0.07 radians (4 degrees) once the appropriate
takeoff speed has been achieved. The ACLS trunk will be retracted against the fuse-

lage once the aircraft becomes airborne, and the auxiliary engines will be shut down.

‘The landing sequence involves starting up both ACLS engines and inflating the
trunk. Upon touchdown the brake pillows will be inflated to decelerate the aircraft
landing speed. Taxiing to the unloading zone will be accomplished on the air cushion.
Due to the rélatively low ACLS bearing pressures, the pilot may use alternate smooth
surfaces denied to conventional gear dgircraft due to inherent surface strength.

These alternate paths may be asphalt or smooth soil surfaces.

During the unloading process, trunk pressure will be maintained by the parking
system in the period is too lengthy. For short-term duration unloading, the ACLS

engines will be left running,

Detail Description

Trunk Configuration And Air Supply - The trunk concept representative of present

conventional designs is an elongated torus attached to the lower portion of the
fuselége. The trunk extends the full length of the cargo compartment or 43.9 meters
(144 feet), has a width of 8.2 meters (27 feet), provides a cushion area of 208.8
square meters (2248 square feet), and a perimeter of 82.9 meters (272 fgety,

Figure E-L. To support the gross weight of the aircraft would require a cushion
pressure of 1L4.0 kPa (2,03 psig); however, the trunk pressure should be twice the
cushion pressure or 28.0 kPa (4.06 psig).

_ Two General Electric TF--34 engines will be used to supply the required pressure
for ACLS operatién. The engines will be converted to use liquid hydrogen fuel
supplied from tanks 2 and 5 (Figure E-2) and are mounted in pods on left and right
side of the aircraft centered approximately about the aircraft center of gravity.'
Each has an air inlet and engine core exhaust exit centered approximately L4.27 meters
(14 feet) above the runway to minimize the ingestion of foreign material and minimize
the effect of the hot exhaust géses to either personnel or equipment which may be in
the local area. Each engine is capable of supplying 18k4.1 cubic meters (6500 cubic
feet) of fan by-pass air per second at static (M=O) condition., Engine exhaust air

is separately ducted through the exhaust exit location in each pod, During braking,

compressor bleed air will be directed to the brake pillows.

E-8
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The by-pass air from each engine is directed to the trunk. The trunk is also
provided with lubrication holes in its surface adﬁabent to the ground which direct
sufficient air to the central cavity to support the aircraft at a predetermined
height above the runway. The air escapes around the tangential line between the

trunk and the runway providing an air bearing for the aircraft to move upon.

The trunk is made from an elastic composite so that when deflated, it shrinks
and retracts upwérd and against the bottom of the fuselage to make a relatively
smooth aerodynamic surface except for the brake treads described later. More speci-
fically, the trunk is made up of several plys of two-way stretch material consisting
of arrays of stretch cords placed.at right angles in a rubber matrix. The two-way

stretch permits clean retraction against the bottom of the fuselage.

Brake System - The brake system consists of a series of six brake pillows, and

treads are located on the aft portion of the trunk and on either side as shown in
Figure E-L. A replaceable tread, consisting of many brake skid blocks, is attached
to the outside of the trunk directly adjacent to the brake pillows. When the trunk
is deflated, the treads fold up in accordion fashion and extend 101,6 to 127.0mm

(4 to 5 inches) below the lower fuselage skin. Aerodynamic moldings are providéd
for and aft of the treads to improve the aerodynamic flow, The pillows are rapidly
inflated by diverted compressor bleed air from the core engines, This will press
the brake skids against the runway or landing surface. Due to this inflation and
braking action, the trunk is locally deformed, allowing the cushion air to bleed

" off, reducing the cushion pressure, and results in the major portion of the aircraft
weight being applied to the brake treads. The brakes can be differentially applied
through the pilot's and copilot's brake pedals to achieve low speed maneuver and

taxi control.

Parking System - The parking system consists of bladder cells fastened beneath

the fuselage inside the trunk. These cells are inflated by the engine compressor
bleed air. The bladders are located ahead of and behind the series of brake pillows.
The parking bladders are inflated prior to shut-down of the ACLS engines, in going
from the air cushion mode to the park mode. After the trunk has deflated, the air-
craft is supported by the inflated parking bladders vhich are sealed off by closure
of their inflation valves. To go from the parking mode to the air cushion operation,
the sequence is reversed. The bladders are made of multi-ply elastic construction,

similar to the trunk, and are self-stowing when deflated,
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Control System - The balance of the ACLS System consists mainly of the valves

and sensors necessary for control of the inflatiog and deflation of the trunk,
braking, and parking subsystems. A heat exchanger is also included to reduce engine
air temperature to a level satisfactory for temperature tolerance of the materials

that make up the brake pillows and parking bladders.

Study Results

Weight - The weights for the ACLS are summar;zed and compared to the weight
allocated for conventional landing gear on the selected large noseloader liquid
hydrogen cargo transport on Figure E-5, The main landing gear pod and actuation
accessories were assumed to be equivalent to the pod required to house the ACLS

engines and their control, fuel, and LHp conversion systems.

The net weight saving attributed to the ACLS gear is 1,828 kilograms (4,030
pounds), which is reflected in the reduction of the baseline aircraft operating
weight from 138,670 to 136,842 kilograms (305,710 to 301,680 pounds) for the ACLS
aircraft. The trunk weight 4,790 kilograms (10,560 pounds) is compatible with a
safety factor of 10. Further analysis of the system could conceivably reduce this
factor. The trunk weight for a safety factor of b is approximately 1,996 kilograms
(4,400 pounds) which could increase the total weight saving to 4,622 kilograms
(10,190 pounds),

Drag - A conventional gear contributed to the total aircraft drag by parasite

drag and rolling friction. The ACLS also has two drag components, parasite drag and
momentun drag. The parasite drag of the two gears is considered approximately equal
except for the added wetted area of the retracted trunk and the slightly protrpding
brake skids. For this difference, two counts of drag were added to the total air-

craft drag.

Performance — Both aircraft are configured to the same ground rules which
retained the maximum payload of 113,400 kilograms (250,000 pounds) and the mission
fuel limit of 148,005 kilograms (105,830 pounds). The substitution of ACLS for the
conventional gear results in a drag increase and an operating weight decrease, which
when combined, reduce the design mission of the aircraft from 10,186 to 10,148 kilo-
mefers (5,500 nm to 5,480 n m). In computing the landing and takeoff performance,
it was assumed that the rolling friction of the conventional gear and the momentum

drag of the ACLS,weré equal,

E-11




ACLS

Trunk
Trunk Attachment
Parking Bladder
Engines and Fan Assemblies
Engine Mountings .
Liquid Hydrogen Fuel System
Brakes
Subsystems

. Ducting

Total Weight

Conventional Landing Gear

Nose Landing Gear

Main Larding Gear (L)

Total Weight

10,560
4,300
1,1L0°
2,85k
1,550

159
L,557
600
951

27,271

4,069
27,232

31,301

WEIGHT -

4,790
1,951
517
1,295
703
3k4
2,067
272
431

12,370

1,846
12,352

14,198

Figure E-5.

Weight Comparison

~The FAA takeoff distance of the ACLS aircraft is 2,423 meters (7,950 feet).

" This represents an increase of 11 percent over the conventional gear aircraft and

is attributed to limiting the rotational angle of the aircraft to 0.07 radians

(4 degrees). This was selected in lieu of the normal 0.14 - 0.21 radians

(8 - 12 degrees) due to the long ACLS trunk, 43.9 meters

(144 feet), and the desire

to maintain a reasonabtle air cushion until the aircraft becomes airborne. The

landing distances are essentially equal, 2,332 vs 2,301 meters (7,560 vs 7,550 feet).

A more detailed study could reduce the ACLS landing distance even further, due to

higher bruking friction of the skids, if the

proves conservative.

surface area allocated for braking
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Cost - The cost of both the conventional landing gear (CLG) and ACLS is based

upon produﬁtion quantities required to produce 3%0 aircraft.

$ x 106
o ACLS |
Non Recurring 108.3 ho.9 ;
Unit Price 0.76 2.77 '
Unit Price Including . ?
Non-Recurring Cost . 1.07 2.89

The higher cost of the ACLS system increases the price of the baseline aircraft
from $39,120,000 to $40,940,000. The direct operating cost also increases from 2.89
to 2.95 cents per available megagram - kilometer (L.86 to 4.95 cents per available
ton nautical mile). The cost of operating the aircraft at full payload for 10,186
kilometers (5,500 nautical miles) increases from $33,400 to $34,000 per trip.

Conclusions

-Although the ACLS compared to a conventional landing gear reduces the operating
weight of the aircraft slightly, the increase in drag and price result in a reduction
in aireraft performance and an increase in direct operating cost, respectively.

Both landing systems were evaluated with respect to smooth improved airport runways.
The chief attraction for ACLS up to this time has been the ability to operate,
within reason, from all types of surfaces or terrain. The ALCS has other potential :

advantages which did not enter into this evaluation:

Improved Safety During Takeoff and Landing

Improved Aircraft Relaibility
Low Cost Airfields

Improved Runway Maintenance

Future Research And Development Studies

[V

The analysis.reported herein assumed state-of-the-art, elastic construction
of the ACLS trunk, which utilizes its elastic properties for retraction. Elastic
construction may not be the optimum solution. Due to various factors , such as
design complexity and care required in manufacture, the elastic trunk is the
most expensive ccmponent of the ACLS system. Significant savings are potentially
realizable with an inelastic trunk.



